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Preface 


In the past, neuroanatomy and neurophysiology have mostly been taught as 
separate subjects. However, every course in neuroanatomy almost invari¬ 
ably includes major amounts of neurophysiology, and it is impossible to 
teach a course in neurophysiology without discussing neuroanatomy. Even 
so, most attempts to present both neuroanatomy and neurophysiology in 
the same textbook have produced multiauthor books that usually encom¬ 
pass far too much for the student to study in the time that is available. 

The first edition of this text, entitled Basic Neuroscience: Anatomy and 
Physiology, was designed to present the basics of both of these subjects as a 
single integrated discipline. This second edition follows the same principles 
as the first. However, except for the first few chapters on gross anatomy, the 
text has been extensively revised. The reason is simple: rapid strides in our 
understanding of many neural mechanisms have revealed what had re¬ 
mained a mystery until recently. Our new understanding requires much 
updating of discussions of microfunctional anatomy and the physiology 
and chemistry of nervous function. 

Basic Neuroscience, 2nd Edition, is intended for a wide variety of stu¬ 
dents who want to know how the nervous system works, be they medical or 
dental students, students of basic neuroanatomy and physiology, students 
of psychology, students of biology, or others with similar interests. 

The text begins with chapters on the gross anatomy of the nervous 
system, with color pictures showing virtually every important neuroana- 
tomical structure. These chapters provide a background for understanding 
of the gross organization of the nervous system while helping the student 
begin to conceive its function. 

The remainder of the text discusses the basic functional anatomy and 
physiology of each part of the nervous system. For instance, throughout the 
text are diagrams of the many nervous tracts that carry information from 
one neural locus to another. Also discussed are the anatomy and physiology 
of each sensory organ — the eyes, the ears, the vestibular apparatus, and the 
organs of somatic sensation (smell, taste, and so forth). Likewise, the anat¬ 
omy and function of the neural effector organs— the skeletal muscles, the 
heart, and the glands— are described. Also, the chemical anatomies of the 
nerve cell membrane, the neuronal cell body, the nerve endings, and the 
synapses are discussed as a basis for understanding the processing of nerve 
signals. 

The ultimate goal is to present a composite picture of neural function, 
so that the student can understand how the nervous system controls most 
bodily activities and at the same time functions as a sensing, feeling, acting, 
and thinking organ. 
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My own deep interest in the nervous system began when I was still a 
student. In fact, at that time I put together my first book by photographically 
enlarging a great many microscopic cross-sectional slides of the nervous 
system and collecting them into a large personal atlas of neuroanatomy. 
Later, when I was a resident in neurosurgery, the study of neuroanatomy 
once again became of paramount importance in my work. More recently, 
my research carried me deeply into various aspects of neural control of the 
body, especially control of the circulation and, to a lesser extent, control of 
respiration and endocrine functions. From these varied interests, I have 
learned to respect the nervous system as a masterpiece of design, with all 
those magical properties that make life meaningful and exciting. 

I wish to thank many people who have made this text possible, particu¬ 
larly Ivadelle Osberg Heidke and Gwendolyn Robbins for their excellent 
secretarial services, and Tomiko Mita, Michael Schenk, Tina Burnham, 
Diane Flemming, Iris Nichols, and Patricia Johnson for the artwork. I am 
also indebted to the staff of the W.B. Saunders Company for their continued 
excellence in the publication of this book, especially to Martin J. Wonsie- 
wicz, Amy Norwitz, Brett MacNaughton, Karen O'Keefe, and Peter Faber, 
whose editorial and technical help have been invaluable. 

Arthur C. Guyton 
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Introduction: Structural and 
Functional Highlights of the 
JVervous System 


The nervous system is the sensing, thinking, and con¬ 
trolling system of our body. To perform these func¬ 
tions, it collects sensory information from all of the 
body — from a myriad of special sensory nerve end¬ 
ings in the skin, from the deep tissues, from the eyes, 
the ears, the equilibrium apparatus, and other sensors 
— and transmits this information through nerves into 
the spinal cord and brain. The cord and the brain may 
react immediately to this sensory information and 
send signals to the muscles or internal organs of the 
body to cause some response, called a motor response. 
Or, under other conditions, no immediate reaction 
might occur at all; instead the sensory information is 
stored in one of the brain's memory banks. There it 
is compared with other memories already stored; it is 
combined with other information; and from the var¬ 
ious combinations, new thoughts are achieved. Then, 
perhaps a few minutes later, a month later, or even 
several years later, this extensive processing of infor¬ 
mation might at last lead to some motor response, 
maybe a very simple one or maybe very complex, such 
as building a house or piloting a space craft. Also, 
nervous activation of internal organs of the body, such 
as increasing the heart rate or increasing peristalsis in 
the intestines, may also be part of a motor response. 

Thus, the nervous system is said to subserve three 
principal functions: (1) sensory function; (2) integrative 
function, which includes the memory and thinking 
processes; and (3) motor function. 


■ THE MAJOR DIVISIOIVS OF 
THE IVERVOUS SYSTEM 

Figure 1-1 illustrates the two major divisions of the 
nervous system: (1) the central nervous system, which 
in turn is composed of the brain and the spinal cord, and 
(2) the peripheral nervous system. 

The brain is the principal integrative area of the ner¬ 


vous system — the place where memories are stored, 
thoughts are conceived, emotions are generated, and 
other functions related to our psyche and to complex 
control of our body are performed. To perform these 
complex activities, the brain itself is divided into many 
separate functional parts, which we shall begin dis¬ 
cussing in the following chapter. 

The spinal cord serves two functions. First, it serves 
as a conduit for many nervous pathways to and from 
the brain. Second, it serves as an integrative area for 
coordinating many subconscious nervous activities, 
such as reflex withdrawal of a part of the body from a 
painful stimulus, reflex stiffening of the legs when a 
person stands on his feet, and even crude reflex walk¬ 
ing movements. Thus, the spinal cord is much more 
than simply a large peripheral nerve. 

The peripheral nervous system is illustrated to the 
left in Figure 1-1, showing it to be a branching net¬ 
work of nerves that is so extensive that hardly a single 
cubic millimeter of tissue anywhere in the body is 
without nerve fibers. These fibers are of two functional 
types: afferent fibers for transmission of sensory infor¬ 
mation into the spinal cord and brain and efferent fibers 
for transmitting motor signals back from the central 
nervous system to the periphery, especially to the skel¬ 
etal muscles (see Chapter 24). Some of the peripheral 
nerves arise directly from the brain itself and supply 
mainly the head region of the body. These, called cra¬ 
nial nerves, are not illustrated in Figure 1-1, but they 
will be discussed later. The remainder of the peripheral 
nerves are spinal nerves, one of which leaves each side 
of the spinal cord through an intervertebral foramen at 
each vertebral level of the cord. 

IVERVOUS TiSSUE 

Nervous tissue, whether it be in the brain, the spinal 
cord, or the peripheral nerves, contains two basic types 
of cells: 
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1. Neurons conduct the signals in the nervous sys¬ 
tem. There are probably at least 100 billion of these in 
the entire nervous system. 

2. Supporting and insulating cells hold the neurons 
in place and prevent signals from spreading between 
the neurons where this is not desired. In the central 
nervous system these supporting and insulating cells 
are collectively called the neuroglia. In the peripheral 
nervous system they are the Schwann cells. 


The Central iVen^ous System iXeuron 

Figure 1-2 illustrates a typical neuron of the brain or 
spinal cord. Its principal parts are the following: 

1. Cell body. It is from this that other parts of the 
neuron grow. Also the cell body provides much of the 
nourishment that is required for maintaining the life of 
the entire neuron. 

2. Dendrites. These are multiple branching out¬ 
growths from the cell body. They are the main receptor 
portions of the neuron. That is, most signals that are to 
be transmitted by the neuron enter by way of the den¬ 


drites, although some enter also through the surface of 
the cell body. The dendrites of each neuron usually 
receive signals from literally thousands of contact 
points with other neurons, points called synapses, as 
we shall discuss later. 

3. Axon. Each neuron has one axon leaving the cell 
body. This is the portion of the neuron that is usually 
called the nerve fiber. It may extend only a few milli¬ 
meters, as is the case for the axons of many small 
neurons within the brain, or it may be as long as a 
meter in the case of the axons (nerve fibers) that leave 
the spinal cord to innervate the feet. The axons carry 
the nerve signals to the next nerve cell in the brain or 
spinal cord or to muscles and glands in peripheral parts 
of the body. 

4. Axon terminals and synapses. All axons branch 
near their ends many times, often thousands of times. 
At the end of each of these branches is a specialized 
axon terminal that, in the central nervous system, is 
called a presynaptic terminal, a synaptic knob, or a bou¬ 
ton because of its knoblike appearance. The presynap¬ 
tic terminal lies on the membrane surface of a dendrite 
or cell body of another neuron, thus providing a con- 
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THE MAJOR SPINAL NERVES 


Fiffure 1 — 1 . The principal anatomical parts 
of the nerv ous system. 
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Fi^re 1—2. Structure of a large neuron of the brain, showing 
its important functional parts. 


tact point called a synapse through which signals can 
be transmitted from one neuron to the next. When 
stimulated, the presynaptic terminal releases a minute 
quantity of a hormone called a transmitter substance 
into the space between the terminal and the membrane 
of the neuron, and the transmitter substance then stim¬ 
ulates this neuron as well. 

Figure 1-3 illustrates more details of the neuronal 
cell body. It depicts a typical nucleus with a very promi¬ 
nent nucleolus. Also shown are Nissl bodies, which are 
parts of a specialized endoplasmic reticulum that syn¬ 
thesizes substances required to keep the neuron alive. 
These substances are transported into the axon and 
dendrites through a system of microtubules called 
neurofibrils. Finally, note in Figure 1-3 that the axon 
arises from a conical pole of the cell body called the 
axon hillock. 

The IVeuroglia 

Figure 1-4 illustrates a large neuron of the spinal cord 
surrounded by its supporting tissue, the neuroglia. The 
cells in the neuroglia are called glial cells. Many of 
them function similarly to the fibroblasts of connective 
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Fi^re 1—3. The neuronal cell body. 


tissue; that is, they form fibers that hold the tissue 
together. But others serve the same function as the 
Schwann cells of the peripheral nerves to wrap myelin 
sheaths around the larger nerve fibers, thus providing 
typical myelinated nerve fibers that transmit signals at 
velocities as great as 100 m a second, the same as in 
peripheral nerves as will be described in Chapter 6. 
The very small nerve fibers do not have myelin sheaths 
and therefore are called unmyelinated fibers, but even 
these are insulated from each other by interposition of 
glial cells between the fibers, much the same way that 
Schwann cells insulate the unmyelinated nerve fibers 
from each other in the peripheral nerves. 


RECAPITVLATIOi\ OF THE 
FVIVCTIOXAL STRUCTURE OF 
THE XERVOUS SYSTEM 

Figure 1-5 gives a composite view of the structural 
highlights of the complete nervous system. To the left 
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Fi^re 1 — 4. A large neuron of the spinal cord surrounded by its 
supporting tissue, called neuroglia. 
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A NERVE CELL 


Dendrites 
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SKELETAL MUSCLE 


SPINAL CORD 

Fi^re 1-5. The functional components of the nervous system. 


Motor 
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is a typical neuron, a motor neuron located in the spi¬ 
nal cord that sends a large myelinated nerve fiber to a 
muscle through a peripheral nerve. To the right is 
shown the course of both a sensory and a motor nerve 
fiber entering and leaving the spinal cord through a 


peripheral nerve. Also shown is an ascending sensory 
tract in the cord that carries millions of sensory nerve 
fibers upward from the cord to the brain and a de¬ 
scending motor tract that carries millions of motor 
fibers downward. 
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■ ORGAIVIZATIOIMAL PLAIV 
FOR THIS TEXT 

The ultimate goal of this text is to explain how the 
nervous system performs its multiple roles as a sens¬ 
ing, thinking, and controlling system. Obviously, this 
requires detailed knowledge of the structure of each 
part of the nervous system as well as an understanding 
of how each part functions. Therefore, we will begin in 
Section II (Chapters 2 through 4) with a survey of the 
gross anatomy of the nervous system, principally to 
provide the basic terminology and interrelationships 
needed for later discussion. Then, throughout the re¬ 
mainder of the text, the functional anatomy of each 
organ system will be presented, along with its physi- 
ology. 


In Section III (Chapters 5 and 6), we will present the 
basic biophysics and physiology of signal transmission 
in nerves and muscle. 

The functional anatomy and physiology of the cen¬ 
tral nervous system and its peripheral sensory and 
motor connections will be given in Sections IV through 
VI (Chapters 7 through 23). 

Finally, Section VII (Chapters 24 through 29) will 
discuss the many ways in which the nervous system 
controls most of the functional systems of the nonner- 
vous portions of the body, such as the circulation, res¬ 
piration, gastrointestinal function, body temperature, 
most hormonal secretion, and sexual and reproductive 
functions. 
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Gross Anatomy of the 
JVervous System: 

L General Divisions of the Brain; 
the Cerebrum; the Diencephalon 


m THE BRAIIV AIVD ITS 
DIVISIOIVS 

The brain is the portion of the nervous system that is 
located in the cranial cavity. Figure 2-1 illustrates a 
lateral view of the brain, Figure 2-2 an inferior view 
(its ventral surface), and Figure 2-3 a sagittal view as 
seen in the median plane of the brain. Unfortunately, 
several different terminologies are used to describe the 
different parts of the brain, three of which are listed in 
Table 2-1. The most widely used terminology in med¬ 
ical circles is given in the right-hand column of the 
table in which the brain is divided into six separate 
parts: (1) the cerebrum, (2) the diencephalon, (3) the 
mesencephalon, (4) the cerebellum, (5) the pons, and (6) 
the medulla oblongata, usually called simply the "'me¬ 
dulla.'' 

It is important to recognize the relationship of this 
widely used terminology to the classical terminology 
given in the left-hand column of the table and also to 
several anglicized classical terms given in the middle 
column. The cerebrum is the same as the telencephalon, 
and the telencephalon and diencephalon together 
constitute the prosencephalon, or forebrain, which is the 
large massive portion of the brain filling the anterior 
and superior three fourths of the cranial cavity. 

The mesencephalon, also called the midbrain, is a 
minute portion of the brain located at the base of the 
forebrain, as illustrated in Figures 2-2 and 2-3. Yet, 
despite its small size, it is the only connecting link 
between the forebrain and all the lower portions of the 
brain and spinal cord. 

The cerebellum, pons, and medulla all lie in the pos¬ 
terior fossa of the cranial cavity, and together they 
constitute the rhombencephalon, or hindbrain. 

One can see from the figures that the major mass of 


the brain is the cerebrum, and it is also clear that the 
next largest portion of the brain is the cerebellum. This 
might make one think that the other four parts of the 
brain — the diencephalon, the mesencephalon, the 
pons, and the medulla — are of relatively little impor¬ 
tance. We shall see later that these parts are absolutely 
crucial to the maintenance of nervous function, in¬ 
deed, far more so than any equivalent mass of the 
cerebrum or cerebellum. 


THE CEREBRUM 

The Cerebral Hemispheres and the Corpus Callo¬ 
sum. For the next few moments let us study the exter¬ 
nal views of the cerebrum in Figures 2-1, 2-2, and 
2-3 and also a horizontal section of the cerebrum 
shown in Figure 2 - 4. The first notable feature that one 
observes about the cerebrum is that it is composed of 
two large bilateral masses, the cerebral hemispheres, 
illustrated in Figures 2-1, 2-2, and 2-3. These two 
hemispheres are connected with each other through 
several bundles of nerve fibers, the two most impor¬ 
tant of which are discussed here: 

1. The corpus callosum is illustrated in sagittal sec¬ 
tion in Figure 2-3 and in horizontal section in Figure 
2-4. Note that the corpus callosum is a broad band of 
fibers extending almost half the length of the cerebral 
hemisphere. Its importance is made apparent by its 
extremely large number of fibers, about 20 million. 

2. The anterior commissure is also shown in Figure 
2-3. This is a much smaller bundle, probably no more 
than a million fibers. It is located several centimeters 
below the anterior third of the corpus callosum, and it 
interconnects mainly the anterior and medial portions 
of the two temporal lobes. 
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Figure 2-1. Left lateral view of the brain, showing the principal divisions of the brain and the four major lobes of the 
cerebrum. 
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Corresponding points in almost all areas of the two 
hemispheres interconnect with each other in both di¬ 
rections via the fibers in these two bundles, which 
allows continuous communication between the two 
hemispheres. When the corpus callosum and anterior 
commissure are destroyed, each of the two hemi¬ 
spheres functions as a separate brain, even thinking 
separate thoughts and causing separate reactions in 
the two sides of the body. 

Cerebral Convolutions, Fissures, and Sulci. The 
next distinctive feature of the cerebrum is the folds in 
its surface. These are called cerebral convolutions, and 
each convolution is called a gyrus. The grooves be¬ 
tween the gyri are called either fissures or sulci, the 
larger and deeper ones generally being called fissures 
whereas the great majority, less deep, are the sulci. 
Four of the principal fissures or sulci are illustrated in 
Figures 2-1 and 2-2. They are listed here: 

1. The longitudinal fissure separates the two cerebral 
hemispheres from each other in the midsagittal plane 
of the basin. 

2. The central sulcus extends in an approximate in- 
ferosuperior direction on the lateral side of each hemi¬ 
sphere and divides the cerebrum approximately into 
an anterior half and a posterior half. 

3. The lateral fissure, also called the Sylvian fissure, 
extends along the lateral aspect of each cerebral hemi¬ 
sphere for about half its length. 


4. The parieto-occipital sulcus originates from the 
side of the longitudinal fissure about one quarter the 
distance anterior to the posterior pole of the hemi¬ 
sphere and then extends laterally and anteriorly for 
about 5 cm. 

To some extent, these fissures and sulci demarcate 
separate functional parts of the cerebrum, as we shall 
discuss. 

The Lobes of the Cerebrum. Figures 2-1 through 
2-4 illustrate that the cerebrum is divided into four 
major lobes and a fifth minor one. The major lobes are 
(1) the frontal lobe, (2) the parietal lobe, (3) the occipital 
lobe, and (4) the temporal lobe; the minor lobe is (5) the 
insula. 

The central sulcus separates the frontal lobe from 
the parietal lobe. The lateral fissure demarcates the 
frontal lobe and the anterior portion of the parietal 
lobe from the temporal lobe. And the parieto-occipital 
sulcus separates the superior part of the parietal lobe 
from the occipital lobe. The separation between the 
temporal lobe and the occipital lobe is less distinct. We 
shall see later that the area where the parietal, tem¬ 
poral, and occipital lobes all meet is the major area of 
the brain where integration of sensory information 
occurs, with sensory information from the body feed¬ 
ing into this area through the parietal lobe, visual in¬ 
formation through the occipital lobe, and auditory in¬ 
formation through the temporal lobe. In contrast, we 
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Fi|^re 2 — 3. Medial view of the left half 
of the brain, showing especially the rela¬ 
tionship of the cerebrum to the brain 
stem and cerebellum. 


CEREBRUM 


r 







OCCIPITAL 

LOBE 


Calcarine 
sulcus 


Central 

sulcus 


PARIETAL 

LOBE 


Third 

ventricle 


FRONTAL 

LOBE 


Corpus 

callosum 


Thalamus 


Interventricular 

foramen 


Anterior 

commissure 

Hypothalamus 


Optic chiasma 

and nerve 

TEMPORAL 

LOBE 

Pituitary 

gland 


Cerebellum 


Fourth 

ventricle 


Medulla 


Pons 


Mesencephalon 























14 li • Gross Anatomy 


TABLE 2-1 Divisions of the Brain 

Classical Terminolo^ Anglicized Terminology Most Widely UschI Terminology 


Encephalon Brain 

Prosencephalon 
Telencephalon 
Diencephalon 

Mesencephalon Midbrain 

Rhombencephalon Hindbrain 

Metencephalon 
Cerebellum 
Pons 

Myelencephalon 
Medulla oblongata 


Brain 

Cerebrum 

Diencephalon (or thalamus, hypothalamus, 
and surroundings) 

Mesencephalon 


Cerebellum 

Pons 

Medulla (or meduUa oblongata) 



Insula 

Thalamus 


Third ventricle 


Lateral ventricle 
(posterior horn) 


Calcarine sulcus 
Cerebellum 


Optic 

radiation 


Pineal body 


Basal Ganglia : 

(1) Caudate nucleus 


White matter 


Cerebral cortex 
(gray matter) 


Corpus callosum 


Lateral ventricle 
(anterior horn) 


Caudate nucleus 
(head) 


Internal capsule 


(2) Putamen 


(3) Globus 
pallidus 


Figure 2 — 4. A horizontal section through the cerebrum at the level of the basal ganglia and thalamus. 










2 ■ Gross Anatomy of the Servous System: f. General Divisions of the Brain; Cerebrum; Diencephaton IS 


shall see that the frontal lobe is concerned primarily 
with control of muscle movement and also with certain 
types of thinking processes. 

The insula cannot be seen from the surface of the 
cerebrum. Instead, it lies deep in the lateral fissure. The 
horizontal section of the brain in Figure 2-4 shows 
that the lateral sulcus has a broad flat bottom covered 
by overhanging lips from the frontal, parietal, and 
temporal lobes. This flat bottom is the insula, and the 
lips are called opercula of the other lobes. Unfortu¬ 
nately, we know little about the function of the insula 
except that it probably acts as part of the limbic sys¬ 
tem (which will be discussed later) to help control be¬ 
havior. 

Table 2-2 summarizes the structures of the cere¬ 
brum and also gives its functional parts, which will be 
discussed further in the following sections of this 
chapter. 

THE CEREBRAL CORTEX — GRAY 
HATTER AMD WHITE HATTER 

Now let us look inside the cerebrum to see how its 
internal structure is organized. Figure 2-4 shows a 
horizontal section through the cerebrum. It is com¬ 
posed of areas that appear gray to the naked eye, called 
gray matter, and other areas that appear white, called 
white matter. The gray matter is collections of great 
numbers of neuronal cell bodies that all together give it 
its grayish hue. The white matter is composed of great 
bundles of nerve fibers leading to or from the nerve 
cells in the gray matter; its white appearance is caused 
by the brilliant white color of the myelin sheaths of 
nerve fibers. 

Figure 2-4 shows especially that a thin shell of gray 
matter covers the entire surface of the cerebrum, in¬ 
cluding the fissures and sulci. This is the cerebral cortex. 
One of the principal advantages of having the many 
fissures and sulci is that they triple the total area of the 
cerebral cortex; the exposed surface area of the brain is 
only about two thirds of 1 ft^ or 600 cm^ but the total 
area of the cerebral cortex is about 2 ft^ or 1800 cm^. 

The cerebral cortex is the portion of the brain most 
frequently associated with the thinking process, even 
though it cannot provide thinking without simulta¬ 
neous action of most deep structures of the brain. Yet, 
the cerebral cortex is the portion of the brain in which 
essentially all of our memories are stored, and it is also 
the area most responsible for our ability to acquire our 
many muscle skills. We still do not know the basic 
physiological mechanisms by which the cerebral cor¬ 
tex stores either memories or knowledge of muscle 
skills, but what we do know about these will be dis¬ 
cussed in Chapter 19. 

In most areas, the cerebral cortex is about 6 mm 
thick, and all together it contains an estimated 50 to 80 
billion nerve cell bodies. Also, perhaps a billion nerve 
fibers lead away from the cortex as well as comparable 
numbers leading into it, passing to other areas of the 
cortex, to and from deeper structures of the brain, and 
some all the way to the spinal cord. 


TABLE 2-2 The Cerebrum 



Location and Function 

The Cerebral Lobes 

Anterior superior 

Frontal 

Parietal 

Superior midportion 

Occipital 

Posterior 

Temporal 

Later£il 

Insula 

Deep in lateral fissure 

Principal Fissures and 

Sulci 

Longitudinal fissure 

Separates the cerebral 
hemispheres 

Central sulcus 

Separates frontal and parietal 
iobes 

Lateral fissure 

Separates temporal lobe 
from frontal lobe and part 
of the parietal lobe 

Parieto-occipital sulcus 

Separates superior part of 
parietfil lobe from superior 
part of occipital lobe 

Principal Structural Parts 

Cerebral cortex (gray matter) 

Thin layer on surface 
composed mainly of 
billions of neuronal cell 
bodies 

Deep nuclei (also gray matter) 

Basal ganglia 

Most important; (1) caudate 
nucleus, (2) putamen, 

(3) globus p^dus 

Some of the limbic 
structures 

White matter 

Composed of billions of 
nerve fibers, mainly 
myelinated 

Functional Areas 

Motor areas 

Located in posterior frontal 
lobe 

Motor cortex 

Controls discrete muscle 
activities 

Premotor cortex 

Controls patterns of 
coordinate muscle 
contractions 

Broca’s area 

Controls speech 

Somesthetic cortex 

Parietal lobe 

detects tactile and 
proprioceptor sensations 

Visual area 

Occipital lobe 

detects visual sensations 

Auditory area 

Superior temporal lobe 
detects auditory sensations 

Wernicke’s area 

Superior posterior temp)oral 
lobe 

analyzes sensory 
information from all 

sources 

Short-term memory area 

Inferior portions of temporal 
lobe 

Prefrontal area 

Anterior half of frontal 
lobe — ‘ elaboration of 
thought' 


Functional Areas of the Cerebral Cortex 

Until World War I we knew the function of only a few 
areas of the cerebral cortex. But, at that time soldiers 
with bullet wounds in discrete parts of the brain were 
studied systematically for brain functional changes. 
Also, in more recent years neurosurgeons and neurol- 
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ogists have carefully documented changes in brain 
function caused by tumors or other specific lesions. 
Figure 2-5 illustrates the principal functional areas of 
the cerebral cortex that have been determined by these 
studies. These are as follows: 

The Motor Area: Motor Cortex, Premotor Cortex, 
and Broca's Area. The motor area lies in front of the 
central sulcus and occupies the posterior half of the 
frontal lobe. It, in turn, is divided into three subdivi¬ 
sions, the motor cortex, the premotor cortex, and 
Broca's area, all of which are concerned with the con¬ 
trol of muscle activity. 

The motor cortex, located in a strip about 2 cm wide 
immediately anterior to the central sulcus, controls the 
specific muscles throughout the body, especially the 
muscles that cause fine movements, such as the finger 
and thumb motions and the lip and mouth motions for 
talking and eating, and to a much lesser extent the fine 
motions of the feet and toes. 

The premotor cortex, located anterior to the motor 
cortex, elicits coordinate movements that involve ei¬ 
ther sequences of individual muscle movements or 
combined movements of a number of different mus¬ 
cles at the same time. It is in this area that much of 
one's knowledge is stored for controlling learned 
skilled movements such as the special movements re¬ 
quired for playing an athletic game. 

Broca's area, located anterior to the motor cortex at 
the lateral margin of the premotor cortex, controls the 


coordinate movements of the larynx and mouth to pro¬ 
duce the words of speech. This area functions as the 
person's speech center in only one of the two cerebral 
hemispheres, in the left hemisphere in about 19 out of 
20 persons, including all right-handed persons and 
one half of all left-handed persons. 

The Somesthetic Sensory Area. Somesthetic sen¬ 
sations are the sensations from the body such as touch, 
pressure, temperature, and pain. One can see in Figure 
2-5 that the somesthetic sensory area occupies the 
entire parietal lobe. 

Note that this sensory area is divided into a primary 
area and a secondary area. This is true also of all the 
other sensory areas. The primary somesthetic sensory 
area is the portion of the cortex that receives signals 
directly from the different sensory receptors located 
throughout the body. In contrast, signals to the sec¬ 
ondary somesthetic sensory area are partly processed 
in deep brain structures or in the primary somesthetic 
area before being relayed to the secondary area. The 
primary area can distinguish the specific types of sen¬ 
sation in discrete regions of the body. The secondary 
area serves mainly to interpret the sensory signals, not 
to distinguish among them, such as interpreting that a 
hand is feeling a chair, a table, a ball, or so forth. 

The Visual Area. Figure 2-5 shows that the visual 
area occupies the entire occipital lobe. Most of the pri¬ 
mary area for vision is located on the medial surface of 
the cerebral hemisphere along the course of the calcar- 
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Figure 2 — 5. The functional areas of the cerebral cortex. 
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ine sulcus (Figs. 2~3 and 2-4), but a small portion of 
the primary visual area projects over the outer pole of 
the occipital lobe as shown in Figure 2-5. This primary 
area detects specific light and dark spots as well as 
orientations of lines and borders in the visual scene. 
The secondary visual areas occupy the remainder of the 
occipital lobe, and their function is to interpret the 
visual information. For instance, it is in these areas that 
the meanings of written words are interpreted. 

The Area for Hearing (the Auditory Area). The 
hearing area is located in the upper half of the anterior 
two thirds of the temporal lobe. The primary auditory 
area is located in the midportion of the superior tem¬ 
poral gyrus. It is here that specific tones, loudness, and 
other qualities of sound are detected. The secondary 
areas occupy the other parts of the hearing area. It is in 
these areas that the meanings of spoken words are 
interpreted; and portions of these areas are also impor¬ 
tant for music recognition. 

Wernicke's Area for Sensory Integration. Wer¬ 
nicke's area lies in the posterior part of the superior 
temporal lobe at the point where the parietal and oc¬ 
cipital lobes both come in contact with the temporal 
lobe. It is here that sensory signals from all of the three 
sensory lobes — the temporal, occipital, and parietal 
lobes — all come together. This area is exceedingly im¬ 
portant for interpreting the ultimate meanings of al¬ 
most all the different types of sensory information 
such as the meanings of sentences and thoughts, 
whether they be heard, read, felt, or even generated 
within the brain itself. Therefore, destruction of this 
area of the brain causes extreme loss of thinking abil¬ 
ity. This area is well developed only in one of the 
cerebral hemispheres, usually in the left hemisphere. 
This unilateral development of Wernicke's area pre¬ 
vents confusion of thought processes between the two 
halves of the brain. 


The Short-Term Memory Area of the Temporal 
Lobe. The lower half of the temporal lobe seems to be 
mainly of importance for storing short-term memories, 
memories that last from a few minutes to several 
weeks. 

The Prefrontal Area. The prefrontal area occupies 
the anterior half of the frontal lobe. Its function is less 
well defined than that of any other part of the cere¬ 
brum. It has been removed in many psychotic patients 
to bring them out of depressive states. These persons 
can still function without the prefrontal areas. How¬ 
ever, they lose their ability to concentrate for long pe¬ 
riods of time and also their abilities to plan for the 
future or to think through problems. Therefore, this 
area is said to be important for elaboration of thought. 

We shall discuss in further detail the intellectual 
function of the cerebral cortex in Chapter 19. 


THE BASAL GAAGLIA 

The horizontal sectional view of the brain in Figure 
2-4 shows several areas of gray matter, called nuclei, 
located deep inside the brain. A nucleus is a collection 
of nerve cell bodies congregated into a cohesive area. 
Two separate groups of nuclei are shown in the figure: 
(1) the basal ganglia, which are part of the cerebrum; 
and (2) the thalamus, which is composed of multiple 
small nuclei and is part of the diencephalon, to be 
described later in this chapter. 

Figures 2-6 and 2-7 show still other views of the 
brain with the basal ganglia high-lighted. Figure 2-6 a 
coronal view and Figure 2 - 7 a three-dimensional view 
to show the locations of the basal ganglia in the cere¬ 
bral masses and also to show their relationships to the 
thalamus. The three most important of the basal gan¬ 
glia are the (1) caudate nucleus, (2) putamen, and (3) 
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Fij^ire 2-6. A coronal section of the cere¬ 
brum in front of the thalamus, showing espe¬ 
cially the basal ganglia. 
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Fi^re 2-7. Relationship of the basal 
ganglia to the thalamus, shown in a three- 
dimensional v'iew. 


globus pallidus. In addition to these three, anatomists 
also consider the claustrum and the amygdala to be 
basal ganglia. However, the function of the claustrum 
is unknown, and the amygdala functions as part of the 
limbic system, which we will discuss later in this chap¬ 
ter; it has very little functional relationship to the re¬ 
mainder of the basal ganglia. 

On the other hand, the basal ganglia of the cerebrum 
function in very close association with the subthalamus 
of the diencephalon and the substantia nigra and red 
nucleus of the mesencephalon. Therefore, physiolo¬ 
gists frequently consider these three bodies also to be 
part of the basal ganglial system. 

The Three-Dimensional Location of the Basal 
Ganglia in the Cerebrum. Now, let us study in more 
detail the anatomical locations of the principal basal 
ganglia. In Figure 2-4 in the horizontal section of the 
brain, note that the caudate nucleus, putamen, and 
globus pallidus lie anterior and lateral to the thalamus. 
Figure 2-6 shows a coronal section of the brain 
slightly in front of the anterior end of the thalamus, 
approximately in the motor region of the cerebrum. In 
this area the three basal ganglia lie astride one of the 
major fiber pathways of the cerebrum, called the inter¬ 
nal capsule. This pathway, which will be described 
later, is the principal communication link between the 
cortex and the lower regions of the brain and spinal 
cord. Many of the fibers in the internal capsule origi¬ 
nate in the motor cortex and premotor cortex, and 
branches of them enter the basal ganglia. Portions of 
the motor signals are then processed and relayed 
through these ganglia rather than passing directly 
from the cerebral cortex to the cord. 

Note also in Figure 2-6 the relationship of the basal 
ganglia to the anterior portions of the two lateral ven¬ 
tricles, which are fluid-filled cavities in the cerebrum. 


The ventricles lie respectively superior and medial to 
the caudate nucleus in each of the two cerebral hemi¬ 
spheres. 

Finally, the three-dimensional diagram in Figure 
2-7 shows especially the relationship of the basal gan¬ 
glia to the thalamus. One can see the central location of 
the thalamus in the basal portion of the brain and the 
location of the basal ganglial system mainly anterior 
and lateral to the thalamus, but note also the long tail 
of the caudate nucleus that curls posteriorly through 
the parietal lobe and thence laterally and inferiorly 
into the temporal lobe. The amygdala lies at the tip of 
the caudate nucleus tail in the temporal lobe. 

Function of the Basal Ganglia. If the cerebral cortex 
is removed in a cat but without removing the basal 
ganglia, the cat can still perform most of its normal 
motor activities, including walking, fighting, arching 
its back, spitting, and almost any other movement. On 
the other hand, in the human being a similar loss of the 
cerebral cortex, but with the basal ganglia intact, leaves 
the person with only crude motor activities such as 
gross trunk movements and movements of the limbs 
with a stiff-legged, uncontrolled walking. 

Putting this information together, one can deduce 
that a major function of the basal ganglia in the human 
being is to control the background gross body move¬ 
ments, whereas the cerebral cortex is necessary for 
performance of the more precise movements of the 
arms, hands, fingers, and feet. When the hand is per¬ 
forming some precise activity that requires a back¬ 
ground stance of the body, the basal ganglia provide 
the body movements while the cerebral cortex pro¬ 
vides the precise movements. 

To achieve the high degree of coordination that is 
required among the muscles of the body during most 
motor functions, a very complex circuitry of nerve 
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fibers interconnects (1) the cerebral cortex and basal 
ganglia in the cerebrum, (2) the thalamus and subthal¬ 
amus in the diencephalon, (3) the red nucleus and the 
substantia nigra in the mesencephalon, and (4) the 
cerebellum in the hindbrain. 


THE WHITE HATTER OF THE 
CEREBRVH 

In almost all areas of the cerebrum besides the cerebral 
cortex and basal ganglia one finds white matter. The 
white matter is composed nearly exclusively of nerve 
fibers that are usually organized into specific bundles 
of fibers called fiber tracts. Three of the principal fiber 
tracts, each containing millions of fibers, are illustrated 
in Figure 2-4. These are the following: 

1. The corpus callosum, which was discussed earlier, 
connects the respective areas of the cerebral cortex in 
each cerebral hemisphere with corresponding areas in 
the opposite hemisphere. The corpus callosum is also 
seen in sagittal section in Figure 2-3 and in coronal 
section in Figure 2-6. 

2. The optic radiation, shown in Figure 2-4, passes 
from the lateral geniculate body of the thalamus back 
to the calcarine sulcus area of the occipital lobe. This is 
the final relay pathway for transmission of visual sig¬ 
nals from the eyes to the cerebral cortex. 

3. The internal capsule, shown in Figure 2-4, is 
found in the areas between the thalamus, the caudate 
nucleus, and the putamen. It is through this internal 


capsule that most signals between the cerebral cortex 
and the lower brain and spinal cord are transmitted. 

Figure 2-8 illustrates even more vividly the gray 
and white matter of the cerebrum. Shown too is the 
great mass of nerve fibers that extends upward from 
the internal capsule to the cerebral cortex through an 
extensive radiation called the corona radiata. 


THE DIEACEPHALOA 

The diencephalon is also called the betweenbrain. In 
primitive animals the diencephalon is a nodular struc¬ 
ture, distinct from the remainder of the brain, that links 
the telencephalon (the cerebrum) with the mesenceph¬ 
alon (the midbrain). In the human being, the dien¬ 
cephalon still provides a similar linkage between the 
cerebrum and the lower parts of the brain, but anatom¬ 
ically it is so tightly fused with the basal portions of the 
cerebrum that it is difficult to demarcate its boundaries 
with the cerebrum. However, the diencephalon is de¬ 
fined as those structures that surround the third ven¬ 
tricle (another fluid-filled cavity in the brain, shown in 
Figure 2-9 and discussed in the following chapter). 
Table 2-3 summarizes the important structures and 
functions of the diencephalon. The most important of 
the structures are the thalamus and hypothalamus. Both 
of these are composed of multiple nuclei that perform 
many different important nervous functions. In addi¬ 
tion to these two, smaller nuclear areas of the dien¬ 
cephalon, located posterior and inferior to the thala¬ 
mus, are the epithalamus and subthalamus. 


Figure 2 —8 . A deep dissection of 
the cerebrum showing the radiating 
nerv e fibers, the corona radiata, that 
conduct signals in both directions be¬ 
tween the cerebral cortex and the 
lower portions of the central nerv ous 
s^'stem. 
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Figure 2 —9. A coronal xiew' of the cerebrum looking from anteriorly backward. This section was made 
immediately anterior to the lower brain stem and through the middle of the thalamus. 


The Thalamus 

We have already seen in several figures that the thal¬ 
amus is located in the ver\^ center of the brain, 
enshrouded on all sides except inferiorly by the cere¬ 
brum. Figure 2-9 illustrates another view of the thala¬ 


mus and its location in a coronal section of the brain. 
Several specific features of the thalamus are described 
here: 

First, the thalamus comprises a number of separate 
discrete nuclei, as illustrated by the multiple blue-col¬ 
ored areas in the figure. 


TABLE 2-3 The Diencephalon and Limbic System 


Structure 

Location 

Function 

Diencephaion 

Thalamus 

Central base of brain 

Relav's sensory signals to cortex, sensory analytic 
functions 

Hypothalamus 

Inferior to anterior thalamus 

Controls internal body functions, stimulates 
autonomic nerv'ous system 

Subthalamus 

Inferior to posterior thalamus 

Functions with basal ganglia to control subconscious 
muscle activity 

Epithalamus 

Posteroinferior to thalamus 

Function unknowTi; includes pineal gland 

Limbic System 

Amygdala 

Deep inside anterior end of each 
temporal lobe 

Controls beha\ior for each social occasion 

Hippocampus 

Medial border of each cerebral 
hemisphere 

Determines w^hich sensory' information will be 
committed to memory 

Mammillary body 

Posterior to h>TX)thalamus 

Perhaps helps to determine mood and degree of 
wakefulness 

Septum pellucidum 

Midline of cerebrum anterior and 
superior to hvpothalcimus 

Perhaps helps to control temper and autonomic 
ner\ ous system 

Limbic cortex: 

Cingulate g\Tus< cingulum, insula, 
and parahippocampal g\Tus 

Ring of cerebral cortex in medial 
part of cerebrum around deeper 
limbic structures 

Conscious components in the control of beha\ior 
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Second, the thalamus rests directly on top of the 
mesencephalon (also called the "'midbrain"); almost 
all signals from the midbrain and other lower regions 
of the brain, as well as from the spinal cord, are relayed 
through synapses in the thalamus before proceeding to 
the cerebral cortex. 

Third, the thalamus has numerous two-way con¬ 
nections with all parts of the cerebral cortex, carrying a 
continual traffic of signals from the thalamus to the 
cortex and also from the cortex to the thalamus. 

Fourth, the thalamus lies in close apposition to the 
basal ganglia. In fact, the thalamus relays many signals 
from other lower regions of the brain and spinal cord 
directly to the basal ganglia. And, in turn, the thalamus 
also functions as a relay station for signals from some 
of the basal ganglia to the cortex. 

In essence, then, the thalamus is a chief traffic relay 
station for directing sensory and other signals to ap¬ 
propriate points in both the cerebral cortex and the 
deeper areas of the cerebrum as well. Some examples 
of the different types of signals that are relayed 
through the thalamus include: 

1. all the somesthetic sensory signals from the body 
(touch, pressure, pain, temperature, and so forth) to 
the somesthetic cortex of the parietal lobe; 

2. visual signals to the calcarine sulcus area of the 
occipital cortex (the part of the thalamus that relays 
these signals is sometimes classified as the metathala¬ 
mus, which is the posterior end of the thalamus); 

3. auditory signals to the superior temporal gyrus 
(also relayed by the metathalamus); and 

4. muscle control signals from the cerebellum, mes¬ 
encephalon, and other areas of the lower brain stem to 
the motor cortex and basal ganglia. 

Anatomical Relationship of the Thalamus to the 
Ventricles. Note especially in Figure 2-9 the relation¬ 
ship of the thalamus to several of the ventricles: (1) the 
two lateral ventricles lie immediately above the two 
lateral halves of the thalamus and (2) the third ventri¬ 
cle bisects the thalamus into two halves. Each half of 
the thalamus functions separately with the cerebral 
hemisphere on the same side, and there is very little 
direct communication between the two halves of the 
thalamus. 

The Sensory Interpretive Function of the Thala¬ 
mus. In lower animals, at about the reptile stage, the 
cerebral cortex is not developed to a great extent, but 
the thalamus is an established part of the brain. In 
these animals, the thalamus plays a much greater role 
in sensory interpretation than it does in man. But, even 
in man some of its sensory interpretive abilities still 
persist. This is especially true for pain sensation, for a 
person can lose most if not all of the somesthetic sen¬ 
sory areas of his cerebral cortex and still retain much if 
not most of his ability to perceive pain. This is in keep¬ 
ing with the fact that pain is one of the most primitive 
of our sensations and also that the thalamus is a more 
primitive portion of the brain than is the cerebrum. 

The Thalamocortical Relationship. In addition to 
the relay pathways through the thalamus to the cere¬ 
bral cortex, there are also innumerable two-way con¬ 


nections between the thalamus and all areas of the 
cortex, with nerve fibers going in both directions. Fig¬ 
ure 2-10 illustrates by means of a color code the areas 
of the thalamus that connect with specific areas of the 
cerebral cortex. For example, the posterior portion of 
the thalamus (lateral geniculate body and pulvinar) 
has two-way connections with the occipital lobe of the 
cortex. The superior medial part of the thalamus (nu¬ 
cleus medialis dorsalis) connects with the prefrontal 
area of the frontal lobe. And the posterolateral portion 
of the ventral nucleus (nucleus ventralis posterior lat¬ 
eralis) connects with the primary somesthetic area of 
the parietal cortex, and so forth. 

But what are the purposes of these two-way con¬ 
nections? First, without the thalamus, the cortex is use¬ 
less. It is the thalamus that drives the cortex to activity, 
which is another function of the thalamus in addition 
to relaying signals to the cortex from other areas of the 
brain and spinal cord. In fact, one can consider most of 
the cerebral cortex to be mainly an outgrowth of the 
thalamus; the cortex provides a great memory store¬ 
house to function at the beck and call of the control 
centers of the thalamus. 


The Hypothalamus 

Several figures presented earlier in this chapter illus¬ 
trated a small structure in the middle of the base of the 
brain called the hypothalamus. Study especially Figures 
2-2 and 2-3 and locate this structure, but look care¬ 
fully or otherwise you will miss it. Its small size belies 
its importance, for it is a major center of the brain for 
controlling internal body functions. 

Figure 2-11 illustrates an enlarged internal view of 
the hypothalamus, showing in third dimension var¬ 
ious nuclei of the hypothalamus. Note that the hypo¬ 
thalamus lies anterior to the red nucleus, which is in 
the uppermost part of the mesencephalon, and it also 
lies immediately inferior to the anterior end of the thal¬ 
amus. There are especially abundant nerve pathways 
between the hypothalamus and the anterior thalamus 
and also between the hypothalamus and the mesen¬ 
cephalon. 

Some of the Functions of the Nuclei of the Hypo¬ 
thalamus. At many points in this text we shall discuss 
the importance of one or more of the hypothalamic 
nuclei for control of some of the internal body func¬ 
tions, and more details of the function of the hypothal¬ 
amus as a whole will be presented in Chapter 20. How¬ 
ever, let us list here some of the important functions of 
a few of the hypothalamic nuclei. 

The preoptic nucleus, located anteriorly, is primarily 
concerned with body temperature control. 

The supraoptic nucleus, located anteriorly and interi¬ 
orly, lying immediately above the optic nerves, con¬ 
trols the secretion of antidiuretic hormone; this hor¬ 
mone in turn helps to control the concentration of 
electrolytes in the body fluids. 

The medial nuclei of the hypothalamus, when stimu¬ 
lated, gives a person a sense of satiety (that is, he feels 
satisfied, especially satisfied for food). 

Stimulation of the most lateral regions of the hypo- 
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Figure 2—10. The relationship between the different nuclei of the thalamus and their connecting areas in the cerebral cortex. 
(Reprinted from W'arwick and W'illiams: Gray’s Anatomy, 35th British Edition. Philadelphia, W'.B. Saunders, 1973.) 


thalamus causes a person to become very hung^)^ and 
stimulation anteriorly in the lateral hypothalamus 
causes a person to become very thirsty. 

Stimulation of the posterior hypothalamus excites the 
sympathetic nervous system throughout the body, in¬ 
creasing the overall level of activity of many internal 
parts of the body, especially increasing heart rate and 
causing blood vessel constriction. 

Finally, stimulation of different areas of the hypo¬ 
thalamus causes its neurons to secrete several hor¬ 
mones called releasing hormones that are carried in the 
venous blood directly to the anterior pituitary gland; 
here they then cause secretion of the anterior pituitary 
hormones. The pituitary hormones in turn control 
such varied activities of the body as the metabolism of 
carbohydrates, metabolism of proteins, metabolism of 
fats, functions of the sex glands, and several other 
functions. 

Thus, one cannot help but be impressed by the 
global importance of this small area of the brain, the 
hypothalamus, and its multiple roles in the control of 
our bodies. Therefore, we will be discussing its func¬ 
tions at many points in this text. 


THE LIHBIC SYSTEM 

The word 'Timbic" means border; the limbic system, 
illustrated in Figure 2-12 and summarized in Table 
2-3, comprises the border structures of the cerebrum 
and the diencephalon that mainly surround the hypo¬ 
thalamus. This limbic system functions especially to 
control our emotional and behavioral activities. Some 
of the important parts of the limbic system are as fol¬ 
lows: 

1. The amygdala (also called the amygdaloid body) is 
a small nuclear structure located deep inside each ante¬ 
rior temporal lobe and considered by anatomists to be 
one of the basal ganglia. However, it functions very 
closely with the hypothalamus, not with the usual 
basal ganglia. It is believed that the amygdala helps to 
control the appropriate behavior of the person for each 
type of social situation. 

2. The hippocampus, one on each side, is a primitive 
portion of the cerebral cortex that lies along the me¬ 
dial-most border of the temporal lobe and folds up¬ 
ward and inward to form the inferior surface of the 
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Figure 2—11, A three-dimensional view of one side of the hypothalamus, showing its principal nuclei. (From Nauta and 
Haymaker: The Hypothalamus. Springfield, Ill., Charles C Thomas, 1969.) 
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inferior horn of the lateral ventricle. The hippocampus 
is believed to interpret for the brain the importance of 
most of our sensory experiences. If the hippocampus 
determines an experience to be important enough, 
then the experience will be stored as a memory in the 
cerebral cortex. Without the hippocampus, a person's 
ability to store memories becomes very deficient. 

3. The mammillary bodies lie immediately behind 
the hypothalamus and function in close association 
with the thalamus, hypothalamus, and brain stem to 
help control many behavioral functions such as the 
person's degree of wakefulness and perhaps also his 
feeling of well-being. 

4. The septum pellucidum lies anterior to the thala¬ 
mus, superior to the hypothalamus, and between the 
basal ganglia in the median plane of the cerebrum. 
Stimulation in different parts of this septum can cause 
many different behavioral effects, including the phe¬ 
nomenon of rage. 

5. The cingulate gyrus, the cingulum, the insula, and 
the parahippocampal gyrus all together form a ring of 


cerebral cortex in each cerebral hemisphere around the 
deeper structures of the limbic system described in the 
previous few paragraphs. This ring of cortex is be¬ 
lieved to allow association between conscious cerebral 
behavioral functions and subconscious behavioral 
functions of the deeper limbic system. 

Signals from the limbic system leading into the hy¬ 
pothalamus can modify any one or all of the many 
internal bodily functions controlled by the hypothala¬ 
mus. And signals feeding from the limbic system into 
the mesencephalon can control such behavior as 
wakefulness, sleep, excitement, attentiveness, and 
even rage or docility. Yet, the precise manner in which 
the different parts of the limbic system function to¬ 
gether to control all these emotional and behavioral 
functions of the body is still only slightly understood. 

REFEREACES 

See References, Chapter 4. 
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m THE BRAIIV STEM 

The brain stem, illustrated in Figure 3-1, is exactly 
what its name implies: it is the stem of the brain that 
connects the forebrain with the spinal cord. Its major 
divisions are (1) the mesencephalon, (2) the pons, and (3) 
the medulla oblongata (Table 3-1). Some anatomists 
also consider the diencephalon, which was discussed in 
the previous chapter, to be part of the brain stem be¬ 
cause it too is a connecting link. 

Several important fiber tracts pass both upward and 
downward through the brain stem, transmitting sen¬ 
sory signals from the spinal cord mainly to the thala¬ 
mus and motor signals from the cerebral cortex to the 
cord. In addition, other fiber tracts either originate or 
terminate in the brain stem, again mainly for the pur¬ 
pose of carrying sensory and motor signals. 

However, the brain stem also contains many very 
important centers that control such physiological vari¬ 
ables as respiration, arterial pressure, equilibrium, and 
others. In fact, centers in the brain stem even deter¬ 
mine the level of activity in the cerebrum and also 
cause the waking-sleeping cycle of the nervous 
system. 

And, finally, the brain stem serves as the connecting 
link between the cerebellum and the cerebrum superi¬ 
orly and between the cerebellum and spinal cord infe- 
riorly. 

THE MESE\CEPMiALOi\ 

The surface anatomy of the mesencephalon is shown 
from the left posterolateral side in Figure 3-1, and a 
horizontal section across the middle of the mesenceph¬ 


alon is illustrated in Figure 3-2. It is divided from 
anterior to posterior into two major sections: (1) the 
two cerebral peduncles, which constitute the anterior 
four fifths of the mesencephalon; and (2) the tectum, 
which comprises the structures near the posterior sur¬ 
face. Passing downward through the posterior part of 
the mesencephalon near the dividing line between the 
cerebral peduncles and the tectum is the cerebral aque¬ 
duct, which is a small tubular canal that connects the 
third ventricle in the diencephalon with the fourth 
ventricle in the lower brain stem. 

The Cerebral Peduncles. The cerebral peduncles 
veer anteriorly and laterally at the top of the mesen¬ 
cephalon and then project superiorly into the two lat¬ 
eral halves of the diencephalon. Each cerebral pedun¬ 
cle is divided into three separate areas: 

1. A thick anterolateral surface layer of corticospinal 
and corticopontine fibers conducts motor signals from 
the cortex to the spinal cord and to the pons. 

2. A deeper layer of darkly pigmented nerve cell 
bodies called the substantia nigra lies behind the fiber 
layer. The neurons of the substantia nigra function as 
part of the basal ganglial system to control subcon¬ 
scious muscle activities of the body. Destruction of 
these neurons causes Parkinson's disease, in which the 
person develops continuous muscle spasm and a shak¬ 
ing tremor in part or all of the body, sometimes so 
severe that muscle functions become useless. 

3. The tegmentum is the major mass of the cerebral 
peduncles medial and posterior to the substantia nigra. 

The tegmentum contains several important fiber 
tracts and nuclei that provide specific functions as fol¬ 
lows: 
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Figure 3—1. The brain stem. 


1. The medial lemniscus is the major fiber tract for 
transmitting sensory signals from the body to the thal¬ 
amus. 

2. The medial longitudinal fasciculus is a tract that 
connects many of the nuclei of the brain stem with 
each other and also with the diencephalon. 

3. The red nucleus, illustrated in Figure 3-2, occu¬ 
pies a major part of each side of the superior mesen¬ 
cephalic tegmentum. This nucleus functions with the 
basal ganglia and cerebellum to coordinate muscle 
movements of the body. It also serves as a relay station 
for signals transmitted from the cerebellum to the thal¬ 
amus and cerebrum. 

4. The nuclei of the oculomotor and trochlear nerves 
are small collections of nerve cells on each side of the 
mesencephalon that control most of the muscles for 
eye movements. 

5. The periaqueductal gray is a collection of diffuse 
nuclei around the cerebral aqueduct. This area seems 
to play a major role in the analysis of the reaction to 
pain. 

6. The reticular formation is composed of many 
widely dispersed nuclei in large portions of the teg¬ 
mentum. The reticular formation is not only present in 
the mesencephalon but also extends all the way from 
the superior end of the spinal cord to the diencepha¬ 
lon, passing through the medulla oblongata, the pons, 
the mesencephalon, and even extending into the mid¬ 
dle of the thalamus where it is represented by the tha¬ 
lamic intralaminar nuclei. Various collections of nerve 
cells within the reticular formation control many of the 


stereotyped body movements, such as turning motions 
of the trunk, turning and bending motions of the head, and 
postural motions of the limbs. But, even more important, 
the reticular formation is a major center of the entire 
brain for controlling the brain's overall level of activity. 
Generalized stimulation of the mesencephalic and 
pontine portions of the reticular formation usually 
causes a high degree of wakefulness in an animal, 
while also increasing the tone of the muscles through¬ 
out the body. Therefore, the reticular formation, 
though dispersed rather broadly in the brain stem, is 
functionally one of the most important of all the brain 
structures, as we shall discuss much more fully in later 
chapters. 

The Tectum. The tectum is the posterior fifth of the 
mesencephalon, and it consists principally of four 
small nodular bodies, two superior colliculi and two 
inferior colliculi, that are arranged in a quadrangle on 
the posterior surface of the mesencephalon, as illus¬ 
trated in Figure 3 -1. 

The two superior colliculi are located side by side on 
the superior portion of the posterior mesencephalon, 
lying immediately beneath the posterior poles of the 
thalamus. In lower animals, especially the fish, the 
superior colliculi are the principal brain terminus for 
vision. In the human being, the visual functions of 
these bodies have been lost, but they are still used for 
causing eye movements and even trunk movements in 
response to sudden visual signals such as a flash of 
light from one side of the field of vision or sudden 
movement of a person or an animal nearby. 

The two inferior colliculi are located inferior to the 
two superior colliculi, also on the posterior surface of 
the mesencephalon. These serve as way-stations for 
relaying auditory signals from the ears to the cere¬ 
brum. In addition, they play a role in causing a person 
to turn his or her head or body in response to sounds 
coming from different directions. 

Inferior to the inferior colliculi on the two sides of 
the mesencephalon are two large bundles of nerve 
fibers called the superior cerebellar peduncles that pro¬ 
ject interiorly and posteriorly to connect with the supe¬ 
rior portions of the cerebellum. These are one of the 
major trunk lines between the cerebellum and the re¬ 
mainder of the brain. 


THE pom 

The pons, illustrated from the left posterolateral side in 
Figure 3-1 and in horizontal section in Figure 3-3, has 
many of the same types of internal structures as the 
mesencephalon, such as some of the same major fiber 
pathways that transmit signals both up and down the 
brain stem and multiple nuclei that perform specific 
functions. For descriptive purposes, the pons is di¬ 
vided into two parts: the ventral part and the dorsal 
part, also called the tegmentum of the pons, which is 
continuous with the tegmentum of the mesen¬ 
cephalon. 

The Ventral Part of the Pons. The ventral part of 
the pons is the large bulbous anterior protrusion illus¬ 
trated in Figure 3-1 and seen even better in the basal 








TABLE 3-1 The Brain Stem and Cerebellum 


Structure 


Function 


Mesencephalon 

Cerebral peduncles 

1. Corticospinal and corticopontine tracts 

2. Substantia nigra 

3. Tegmentum 

a. Red nucleus 

b. Reticular formation 

c. Nuclei of cranial nerv'es in and IV' 

d. Medial lemnisci 
Tectum 

1. Superior colliculi 

2. Inferior colliculi 

Pons 

V'entral part 

1. Corticospinal tracts 

2. Pontine nuclei 

3. Transverse fibers 
Tegmentum 

1. Reticular formation 

2. Nuclei of cranial nerves V', V'l, VII, and VIII 

3. Medial lemnisci 

Medulla Oblongata 

Pyramids and decussation of pyramids 
Gracile and cuneate nuclei 
Decussation of medial lemnisci 
Inferior olivary nuclei 
Nuclei of cranial nerves IX, X, XI, and XU 

Reticular formation 

1. Most of vasomotor center 

2. Most of respiratory center 

Cerebellum 

Cerebellar peduncles 

1. Inferior peduncle 

2. Middle peduncle 

3. Superior peduncle 
Vermis 

Cerebellar hemispheres 
Cerebellar cortex 
Deep nuclei 

1. Dentate nuclei 

2. Fastigial, globose, and emboliform nuclei 


Motor signals to cord and pons 

Part of basal ganglia motor control system 

Relays signals from cerebellum 
Excites whole brain, controls muscular tone 
Control eye movements 
Sensory signals to thalamus 

Help to control eye movements 

Cause motor reactions to auditory signals 


Pass through ventral pons toward cord 
Terminis of corticopontine tracts 

Fibers from pontine nuclei to opposite cerebellar hemisphere 

Same as in mesencephalon, also parts of vasomotor and respiratory centers 
Eye and facial movements; facial, auditory, and equilibrium sensations 
Same as in mesencephalon 


Downward extensions and crossover of corticospinal tracts 

Origins of fibers in medial lemnisci 

Crossover of the medial lemnisci 

Origin of many input fibers to cerebellum 

Motor signals to larynx, pharynx, tongue, some neck muscles; sensory signals 
from viscera; motor signals to parasympathetic nervous system 

Controls vascular resistance, arterial pressure, heart activity 
Controls inspiration and expiration 


Extends from medulla; mainly input signals 

Extends from ventral part of pons; entirely input signals 

Extends to mesencephalon; mainly output signals 

Midline portion of cerebellum; functions with brain stem and spinal cord 
Lateral portions of cerebellum; functions mainly with higher motor centers 
Provides delays in motor signals 

Output nuclei of cerebellar hemispheres 
Output nuclei of vernis 
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Figure 3 —2. A horizontal section through the mesencephalon at the level of the sujx'rior colliculi 
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POSTERIOR 



view of the brain in Figure 2-2 of the previous chap¬ 
ter. Its internal structure is illustrated in Figure 3-3. 

The same corticospinal fibers and corticopontine fibers 
that pass through the cerebral peduncles of the mesen¬ 
cephalon also descend into the ventral part of the 
pons. The corticospinal fibers then pass on downward 
through the medulla into the spinal cord. On the other 
hand, the corticopontine fibers terminate here, syn- 
apsing in multiple pontine nuclei. From these, trans¬ 
verse fibers cross immediately to the opposite side of 
the ventral pons and then circle backwards around the 
two lateral sides of the pons to form the middle cerebel¬ 
lar peduncles that extend posteriorly into the two cere¬ 
bellar hemispheres. In addition, a few fibers also pass 
directly back into these peduncles on the same side. 
Because of the crossing of the transverse fibers and 
because most of the output fiber tracts leaving the cere¬ 
bellum to reenter the brain stem also cross to the oppo¬ 
site side, the right half of the cerebellum functions 
mainly with the left half of the cerebrum, and the left 
half of the cerebellum functions mainly with the right 
cerebrum. 

The Tegmentum of the Pons. Figure 3-3 shows 
that the pontine tegmentum contains the following 
three structures that are continuous with those in the 
mesencephalon: the medial lemniscus, the medial longi¬ 
tudinal fasciculus, and the reticular formation. In addi¬ 
tion, it contains the nuclei of several cranial nerves: (1) 
the abducens nerve, which helps to control eye move¬ 
ments; (2) the facial nerve, which controls the muscles 
of expression of the face; (3) the trigeminal nerve, 
which controls the muscles of mastication and also 
transmits sensory signals from the face, mouth, and 
scalp; and (4) the vestibulocochlear nerve, which trans¬ 
mits sensory signals from the ear and from the vestibu¬ 
lar apparatus (the equilibrium apparatus of the inner 
ear). 


THE HEDIJUA OBLOIVGATA 

The medulla oblongata, usually called simply the me¬ 
dulla, is illustrated at the lower end of the brain stem in 
Figure 3-1, and it is seen in cross-section in Figure 
3-4. On the surface are two distinguishing character¬ 
istics: 

1. On the anterior aspect of the medulla are two 
protruding longitudinal colunms called pyramids (seen 
best in Figure 2-2 of the previous chapter but also 
illustrated in cross-section in Figure 3-4). These carry 
the same corticospinal fibers that pass from the cerebral 
cortex through the cerebral peduncles of the mesen¬ 
cephalon and through the ventral pons. The fibers 
in this trunk pass eventually to all levels of the spi¬ 
nal cord, carrying signals that control muscle contrac¬ 
tion. In the inferior portion of the medulla, the fibers 
of the pyramid cross to the opposite side before pass¬ 
ing down the spinal cord, which is called the decussa¬ 
tion of the pyramids. Therefore, the left cerebral cor¬ 
tex controls muscle contraction in the right half 
of the body while the right cortex controls the left 
side. 

2. An olive protrudes from each anterolateral sur¬ 
face of the medulla lateral to the pyramids (Fig. 3-1). 
Deep to the external projection of the olive is the infe¬ 
rior olivary nucleus, which can be seen in cross-section 
in Figure 3-4. This nucleus functions to relay signals 
into the cerebellum, functioning similarly to the pon¬ 
tine nuclei. However, it receives its input signals 
mainly from the basal ganglia and spinal cord and less 
from the motor cortex. Its outgoing signals go to the 
contralateral cerebellum through the inferior cerebellar 
peduncle (Fig. 3-1), which is an upward and posteri¬ 
orly projecting column of nerve fibers extending from 
the medulla to the cerebellum. 
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Figure 3 —4. A horizontal sec¬ 
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In addition to these specific surface structures, the 
medulla contains many of the same components as the 
mesencephalon and pons. Especially prominent are 
the bilateral medial lemnisci, the large fiber tracts 
through which sensory signals are conducted from the 
spinal cord to the cerebrum. The fibers in these tracts 
originate in large bilateral nuclei in the posterior infe¬ 
rior medulla, the gracile and cuneate nuclei, which 
themselves receive sensory signals from sensory fibers 
in the dorsal column of the spinal cord. After leaving 
these nuclei, the fibers cross to the opposite side of the 
medulla in the decussation of the medial lemnisci to form 
the medial lemnisci. Because of this crossing, the left 
side of the brain is excited by sensory stimuli from the 
right side of the body and the right brain from the left 
body. 

Also present in the medulla are (1) nuclei for cranial 
nerves IX, X, XI, and Xll, which will be discussed more 
fully in the following chapter, and (2) the reticular 
formation that makes up a large share of the posterior 
and lateral medulla. 

Some Special Functional Areas of the Reticular 
Formation in the Medulla and Pons. The reticular 
formation of the medulla and pons contains two espe¬ 
cially important control centers: 

1. The vasomotor center consists of widely dispersed 
nerve cells in the formation. This center transmits sig¬ 
nals to the heart and blood vessels to increase heart 
pumping activity and to constrict the vessels. These 
effects acting together can increase the blood pressure 
greatly. 

2. The respiratory center is composed of nerve cells 
also located widely in the reticular formation. This is 
an automatic, rhythmically active center that causes 
the rhythmical respiratory muscle contractions neces¬ 
sary for inspiration and expiration. 

In addition to these special centers, the medullary 
and pontine reticular formation also serves as an im¬ 


portant relay station for signals coming from higher 
brain centers to control many other important internal 
functions of the body. For instance, signals from the 
hypothalamus are relayed down the spinal cord to 
control body temperature, sweating, secretion in the 
digestive tract, emptying of the urinary bladder, and 
many other bodily functions. Also, lying in close asso¬ 
ciation with the posterior medullary reticular forma¬ 
tion on each side of the midline is the dorsal motor 
nucleus of the vagus (Fig. 3-4). This nucleus relays 
signals into the vagus nerve to control heart rate, gas¬ 
tric secretion, peristalsis in the gastrointestinal tract, 
and other internal functions. 

■ THE CEREBELLUM 

The cerebellum is a large structure of the hindbrain 
(rhombencephalon) located inferior to the occipital 
lobe of the cerebrum and posterior to the brain stem. Its 
location in relation to the remainder of the brain is seen 
best in Figures 2-6 through 2 - 8 of the previous chap¬ 
ter, and its specific relationship to the brain stem is 
illustrated in Figure 3-5. 

The cerebellum is an important part of the motor 
control system. Even though it is located far away from 
both the motor cortex and the basal ganglia, it inter¬ 
connects with these through special nerve pathways, 
and it also interconnects with motor areas in both the 
reticular formation and the spinal cord. Its primary 
function is to determine the time sequence of contrac¬ 
tion of different muscles during complex movements 
of parts of the body, especially when these movements 
occur extremely rapidly. 

Surface Anatomy of the Cerebellum. Shoum in 
Figure 3-1 are three different cerebellar peduncles 
that lead from the posterior surface of each side of the 
brain stem to the cerebellum; these are: (1) the superior 
cerebellar peduncle, which connects with the mesen¬ 
cephalon, as discussed earlier; (2) the middle cerebellar 
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Figure 3 — 5. Relationship of the cerebellum to the brain stem. 

peduncle, which connects with the pons; and (3) the 
inferior cerebellar peduncle, which connects with the 
medulla. It is through these that signals are transmitted 
into and away from the cerebellum. 

Now, let us study the structure of the cerebellum 
itself as shown in Figures 3-5 and 3 - 6, Its major parts 
are the vermis, which is a midline structure 1 to 2 cm 
wide extending around the entire cerebellum from an¬ 
terior to posterior and from superior to inferior, and 
two cerebellar hemispheres, located laterally on the two 
sides of the cerebellum. Both the vermis and the cere¬ 
bellar hemispheres can also be divided into the anterior 
lobe of the cerebellum, which is the superior and ante¬ 
rior third of the cerebellum, lying anterior to the pri¬ 
mary fissure, and posterior lobe of the cerebellum, which 


is the posterior and inferior two thirds of the cerebel¬ 
lum, lying posterior to the primary fissure. 

In the human being, the cerebellar hemispheres 
make up by far the greater portion of the cerebellar 
mass. These hemispheres function in concert with the 
cerebrum to coordinate voluntary movements of the 
body. The vermis, on the other hand, functions more 
for coordinating the stereotyped and subconscious 
body movements, operating mainly in association with 
the brain stem and spinal cord. 

Internal Structure of the Cerebellum. The internal 
structure of the cerebellum is illustrated in Figure 3-7. 
Like the cerebrum, it is composed of three principal 
structures: (1) the cerebellar cortex; (2) the subcortical 
white matter composed almost entirely of nerve fibers; 
and (3) the deep nuclei. 

The cerebellar cortex is a 3- to 5-mm thick sheet of 
nerve cells covering the entire cerebellar surface, con¬ 
taining a total of about 30 billion cells. 

The deep nuclei are located in the center of the cere¬ 
bellar white matter. By far the most prominent of the 
deep nuclei is the large dentate nucleus, which is lo¬ 
cated in the center of each cerebellar hemisphere. 
However, three other smaller deep nuclei are located 
in each side of the vermis: (1) the fastigial nucleus; (2) 
the emboliform nucleus; and (3) the globose nucleus. 

The deep nuclei give rise to the nerve fibers that 
transmit signals out of the cerebellum to other parts of 
the nervous system. The cerebellar cortex is a rapidly 
acting computing area that receives input information 
from the cerebral cortex, the basal ganglia, the spinal 
cord, and the peripheral muscles and integrates all of 
this to help coordinate the muscle movements. 

Note also in Figures 3-5, 3-6, and 3-7 the many 
folds of the cerebellum, called folia. If the cerebellar 
cortex were stretched out to eliminate these folia, it 
would be represented by a flat sheet about 40 cm in 
length and 8 cm wide. Each area of the cerebellum has 
almost exactly the same internal neuronal circuitry as 
all other areas, suggesting that the cerebellum per¬ 
forms almost exactly the same functions in all its sepa¬ 
rate parts. What it does is to delay signals for short 
fractions of a second. Thus, when the motor system 
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Figure 3-6. Superior view of the cerebellum. 
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Figure 3 — 7. The internal anatomy of the cerebellar hemisphere and related structures. 


requires contraction of the biceps to start the arm mov¬ 
ing and then contraction of the triceps to stop the 
movement, the cerebellum determines the appropriate 
delay before turning off the biceps and simultaneously 
turning on the triceps. When a person is performing 
rapid movements, such sequential muscle contractions 
occur in many separate parts of the body one after the 
other. Without the appropriate tum-on, turn-off se¬ 
quence of these motor signals, the movements become 
totally uncoordinated, which is what happens when 
the cerebellum is destroyed. 

■ THE SPIIVAL. CORD 

Figure 3-8 illustrates the spinal cord and the spinal 
nerves leaving it to be distributed to all parts of the 
body, and Table 3-2 summarizes the structural parts 
of the cord and their functions. Note that a spinal 
nerve leaves the cord on each side through each inter¬ 
vertebral foramen between adjacent vertebrae. Some 
of these nerves are very large because they innervate 
large areas of the body, such as the spinal nerves of the 
lower neck that innervate the arms, forearms, and 
hands and those of the lumbar and sacral regions that 
innervate the thighs, legs, and feet. In both of these 
areas the cord itself is also enlarged because of the 
great number of nerve cell bodies that are required to 
relay the signals, giving rise to the cervical enlargement 
of the cord in the lower half of the neck and the lumbo¬ 
sacral enlargement at the lower end of the spinal cord. 

The spinal cord terminates approximately at the 
lower end of the second lumbar vertebra. The reason 
for this is that during growth of the fetus and young 
child the spinal cord does not continue to lengthen as 
the vertebral column lengthens, so that the cord be¬ 
comes located progressively more superiorly in the 
vertebral canal. Yet the lower lumbar and sacral seg¬ 


ments of the spinal cord still exist, and the lumbar and 
sacral spinal nerves still arise from the cord, but they 
arise from higher up in the vertebral canal because the 
levels of the cord segments no longer correspond to the 
levels of the vertebrae. The nerves then course down¬ 
ward through the lower canal as a large bundle of 
nerves called the cauda equina, and each of them fi¬ 
nally emerges through its appropriate lumbar or sacral 
intervertebral foramen. 

The Internal Structure of the Spinal Cord. Like the 
brain, the spinal cord is composed of areas of gray 
matter and areas of white matter, though the white 
matter is on the surface of the cord, whereas the gray 
matter is deep. These are illustrated in the cross-sec¬ 
tional view of the cord in Figure 3-9. The nerve cell 
bodies are in the gray matter along with many short 
nerve fibers as well. But in the white matter, only fiber 
tracts and glia exist. Note in Figure 3-9 that the gray 
matter has the appearance of multiple horns con¬ 
nected by a crossbridge called the gray commissure be¬ 
tween the two halves of the cord. Many fiber tracts also 
pass from one side of the cord to the other through 
white commissures that accompany the gray commis¬ 
sure. 

The horns of gray matter on each side of the cord are 
called respectively (1) the ventral gray horn (or the ante¬ 
rior gray horn), (2) the dorsal gray horn (or the posterior 
gray horn), and (3) the lateral gray horn. 

It is in the ventral horn that the anterior motor neu¬ 
rons lie, the nerve cell bodies that send fibers through 
the spinal nerves to the muscles to cause muscle con¬ 
traction. In the dorsal gray horn are the nerve cell 
bodies that receive sensory signals from the spinal 
nerves. In the lateral gray horn the nerve cells give rise 
to fibers that lead into the autonomic nervous system, 
the system that controls many of the internal organs. 

Connections of the Spinal Nerves with the Spinal 
Cord. Note also in Figure 3-9 that each spinal nerve 
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Figure 3-S. The spinal cord, its relationship to the peripheral ner\ es, and the spinal ner\'e plexuses. 


connects with the cord by way of two roots called the 
dorsal root and the ventral root (also called posterior root 
and anterior root). Each of these roots in turn enters or 
leaves the cord by way of 7 to 10 small root filaments. 
The dorsal root is also called the sensory root because it 
carries almost entirely sensory fibers; and the anterior 
root is called the motor root because it carries almost 
entirely motor fibers leading from the cord to the mus¬ 
cles to cause muscle contraction or to the autonomic 


nervous system to control the activity of the internal 
organs. The nerve fibers in the ventral root originate 
from neurons in the ventral and lateral gray horns and 
then leave the cord along its anterolateral margin in the 
ventral root filaments. The dorsal root filaments pierce 
the cord along its posterolateral border, and its nerve 
fibers then turn either up or down the cord or enter the 
dorsal gray horn. 

On the dorsal root is an enlargement called the dor- 































TABLE 3-2 The Spinal Cord 


Structure 


Function 


Gray Batter 

Dorsal horns 
Lateral horns 
Ventral horns 

White Batter 

Propriospinal tracts 
Long motor tracts 

1. Lateral corticospinal 

2. Ventral corticospinal 

3. Rubrospinal 

4. Reticulospinal 

5. Olivospinal 

6. V'estibulospinal 

7. Tectospinal 
Long sensory tracts 

1. Fasciculus gracillis and fasciculus cuneatus 

2. Ventral and lateral spinothalamic 

3. Ventral and dorsal spinocerebellar 

4. Spino-olivary 

Spinal IVerve Roots 

Dorsal 

Ventral 


Loci of sensory input neurons 

Loci of preganglionic autonomic neurons 

Loci of motor neurons for skeletal muscles 

Signals between cord segments 

Motor signals from cortex to spinal cord 
Same 

Motor signals from brain stem to spinal cord; most are excitatory, a few are 
inhibitory 


Discriminatory sensory signals to gracile and cuneate nuclei, thence to 
thalamus in medial lemnisci 

Crude touch, pain, and temperature signals to brain stem and thalamus 
Proprioceptor sensory signals to cerebellum 

Cord signals to inferior olivary nuclei, then relayed to cerebellum 


Sensory input 

Motor output to muscles and preganglionic output to autonomic nervous system 



AN 


ANTERIOR 


Ventral root 


Spinal nerve 
Ventral root filaments 


Ventral gray horn 
Ventral white column 


Spinal pia mater 


Subarachnoid space 
Spinal arachnoid 


Spinal dura mater 


Dorsal white 


columns 


POSTERIOR 


Lateral gray horn 

I root filaments 


Dorsal root 


Dorsal root ganglion 


Lateral white colu 


Dorsal gray 
horn 


Figure 3 — 9. Structures of the S|)inal cord and its connections with the spinal ner\ esln \\ a\' ol the dorsal and \ entral 
spinal roots. Note also the coverings of the spinal cord, the meninges. 
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sal root ganglion. This ganglion contains unipolar nerve 
cells that have no dendrites but do have the usual 
single axon. However, immediately after the axon 
leaves the cell body it divides into two branches, a 
peripheral branch and a central branch. The peripheral 
branch passes through the peripheral portions of the 
spinal nerve to sensory receptors in the body, and the 
central branch passes into the spinal cord. About two 
thirds of the sensory fibers entering the cord terminate 
in the dorsal gray horn near the point of entry. The 
other third divides immediately into two branches, one 
branch terminating in the dorsal horn but the other 
branch passing all the way up the cord in the white 
matter and then terminating in the gracile and cuneate 
nuclei in the lower part of the medulla. 

Function of the Spinal Cord Gray Matter. The gray 
matter of the spinal cord serves two functions. First, its 
synapses relay signals between the periphery and the 
brain in both directions. It is mainly in the dorsal horns 
that sensory signals are relayed from the sensory roots 
of the spinal nerves, then pass superiorly in the white 
matter of the cord to the various sensory areas of the 
brain. It is mainly in the ventral and lateral horns that 
motor signals are relayed from the descending nerve 
tracts from the brain into the motor roots of the spinal 
nerves. 

Second, the gray matter of the cord functions to 
integrate some motor activities. For instance, when the 
hand is subjected to a painful stimulus, the sensory 
signals entering the cord cause an immediate reaction 
in the gray matter of the cord hand region. Within a 
fraction of a second this leads to motor signals that 
cause withdrawal of the hand from the painful stimu¬ 
lus. This is called the withdrawal reflex (or flexor reflex 
or pain reflex). This reaction occurs entirely independ¬ 


ently of the higher levels of the nervous system. 
Some other cord reflexes are (1) reflexes that cause 
tonic contraction of the extensor muscles of the legs 
when one stands, thus allowing the legs to support the 
weight of the body; (2) scratch reflexes in lower ani¬ 
mals when they are tickled; (3) stretch reflexes that 
cause muscles to contract when they are stretched (this 
is the reflex that causes the knee jerk when the patellar 
tendon is struck); and (4) even walking reflexes. 

The Long Fiber Pathways of the Spinal Cord. Fig¬ 
ures 3-9 and 3-10 show that the cord white matter is 
also divided into columns. These are (1) two dorsal (or 
posterior) white columns lying between the dorsal gray 
horns; (2) two lateral white columns, one lying on each 
side of the cord lateral to the gray matter; and (3) two 
ventral (or anterior) white columns, lying between and 
anterior to the ventral gray horns. 

All these columns contain fiber tracts that run 
lengthwise along the cord. Some of these lie immedi¬ 
ately adjacent to the gray matter, as illustrated in Fig¬ 
ure 3-10. These, called propriospinal tracts, travel for 
only a few segments of the cord, connecting separate 
cord segments of gray matter with one another to help 
in the performance of the cord reflexes. (A ''segment" 
of the cord is that portion of the cord that corresponds 
to a single pair of spinal nerves.) The remainder of the 
white matter contains long fiber tracts that carry sen¬ 
sory information to the brain or motor signals from the 
brain to the cord. To the left in Figure 3-10 are the 
motor tracts, and to the right are the sensory tracts. 
These are described here: 

Motor Tracts 

1. Lateral corticospinal tract, from the motor cortex 
of the brain. 


POSTERIOR 


Lateral 

corticospinal 

tract 


Rubrospinal tract 


Reticulospinal tract 

Olivospinal tract 

Vestibulospinal 

tract 


MOTOR 



Dorsal 

spinocerebellar 

tract 


Lateral 

spinothalamic 

tract 


Ventral 

spinocerebellar 

tract 

Propriospinal 

tracts 


Tectospinal 

tract 


Spino-olivary 

tract 

SENSORY 


Dorsolateral 

tract 


Fasciculus 


Fasciculus 
s 


Substantia 

gelatinosa 


Ventral 

corticospinal 

tract 


Ventral 
spinothalamic 
tract 


ANTERIOR 

Figure 3 — 1 0. A cross-sectional view of the major long nerve fiber pathways of the spinal cord. 
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2. Ventral corticospinal tract, also from the motor 
cortex of the brain. 

3. Rubrospinal tracts, from the red nucleus of the 
mesencephalon. 

4. Reticulospinal tracts, from the reticular substance 
of the mesencephalon, pons, and medulla. 

5. Olivospinal tract, from the inferior olive of the 
medulla. 

6. Vestibulospinal tract, from the vestibular nuclei of 
the medulla and pons. 

7. Tectospinal tract, from the tectum of the mesen¬ 
cephalon. 

Sensory Tracts 

1. Fasciculus gracilis and fasciculus cuneatus (the 
two of which together make up most of the dorsal 
white columns), carrying signals directly from the spi¬ 
nal sensory roots all the way to the gracile and cuneate 
nuclei in the lower end of the medulla. 

2. Ventral and lateral spinothalamic tracts, carrying 
signals relayed in the posterior gray horn, thence 
through the anterior white commissure, and finally 
upward on the opposite side of the cord to the brain 
stem and thalamus. 

3. Ventral and dorsal spinocerebellar tracts, which 
relay signals from the posterior gray horns upward to 
the cerebellum. 

4. Spino-olivary tract, from the posterior gray horns 
of the cord to the inferior olive of the medulla. 

Srimulation of most motor tracts causes either in¬ 
creased muscle tone or actual muscle contraction, and 
these tracts are said to be excitatory tracts; but stimula¬ 
tion of some tracts can decrease muscle tone, and they 
are called inhibitory tracts. 

The sensory signals transmitted in the dorsal column 
pathways (the fasciculus gracilis and fasciculus cunea¬ 
tus) are mainly those of fine, discriminatory touch that 
allow one to recognize the surface locations of sensory 
stimuli on the skin or the positions of the different 
parts of the body. The sensory signals transmitted in 
the spinothalamic tracts are those of crude touch, pain, 
and temperature. The sensory signals transmitted in 
the spinocerebellar tracts and also in the spino-olivary 
tract are mainly signals from the muscles and joints 
that apprise the cerebellum at all times about the 
movements and positions of different parts of the body 
so that the cerebellum can help in coordinating the 
body's movements. 


■ THE CEREBROSPIIVAL. FLUID 

SYSTEM-A PROTECTIVE 

FLUID FLOTATIOIV SYSTEM 
FOR THE BRAIIV AIVD 
SPIIVAL CORD 

Even though the brain and spinal cord are crucial to the 
function of our bodies, nevertheless they are extremely 
delicate structures. For instance, the brain's tissues are 
so weak that one can push a finger all the way through 


it with almost no pressure, and the brain can literally 
be scooped out of the cranial vault with a spoon. 
Therefore, the brain requires a special protective sys¬ 
tem. This protection is achieved by the encasement of 
both the brain and the spinal cord in a rigid, bony vault 
comprised of the cranial cavity in the skull and the 
vertebral canal in the vertebral column. Within this 
vault, the brain and spinal cord actually "float" in a 
bath of fluid called the cerebrospinal fluid. This flota¬ 
tion system for the brain is illustrated in Figure 3-11. 
Now, let us describe this system and the mechanisms 
for maintaining the fluid in the system. 

The Ventricular System in the Brain. In several 
cross-sectional views of the brain presented in the pre¬ 
vious chapter and in the first part of this chapter, large 
fluid cavities called ventricles were shown deep inside 
the cerebrum, diencephalon, and brain stem. These 
ventricles, four in number, are illustrated in three- 
dimensonal perspective in Figure 3-12. They are as 
follows: 

1 and 2. The two lateral ventricles. Each of these lies 
near the median plane in each cerebral hemisphere, 
extending all the way from the center of the frontal 
lobe anteriorly to the center of the occipital lobe poste¬ 
riorly. From the parietal region of each of these ventri¬ 
cles an inferior extension turns laterally and anteriorly 
into the temporal lobe; this is called the inferior horn of 
the lateral ventricle. 

3. The third ventricle. This lies between the two lat¬ 
eral halves of the thalamus and also extends anteriorly 
and inferiorly into the midline plane between the two 
halves of the hypothalamus. 

4. The fourth ventricle. This lies in the lower brain¬ 
stem in the space posterior to the pons and medulla but 
anterior to the cerebellum. 

Now, let us study Figure 3-11 to see how the ven¬ 
tricles interconnect with each other. This figure shows 
the shadow of one of the lateral ventricles deep within 
a cerebral hemisphere that connects by way of an inter¬ 
ventricular foramen (also called foramen of Monro) with 
the anterolateral part of the third ventricle. In turn, the 
third ventricle connects posteriorly and inferiorly with 
the cerebral aqueduct (aqueduct of Sylvius), which is a 
small tube passing downward through the mesen¬ 
cephalon to enter the fourth ventricle lying behind the 
pontine and medullary regions of the brain stem. Fi¬ 
nally, three openings occur in the outer wall of the 
fourth ventricle through which fluid can flow onto the 
surface of the brain. One of these is the medial aperture 
(also called the foramen of Magendie) in the midline 
inferior to the cerebellum. The other two, the lateral 
apertures (also called the foramina ofLuschka), are to the 
sides of the fourth ventricle. 

The Fluid Space Surrounding the Brain and Spi¬ 
nal Cord (Subarachnoid Space), and the Meningeal 
Coverings of the Brain and Cord. Covering all sur¬ 
faces of the brain and spinal cord is a thin fluid-filled 
space several millimeters thick called the subarachnoid 
space. This space is bounded by the coverings of the 
brain and cord, called the meninges, which are illus- 
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LATERAL VENTRICLE 



Fi^re 3—11. The cerebrospinal fluid system and the meningeal coverings of the brain and cord. Note the directions of flow of 
cerebrospinal fluid indicated by the arrows. 


trated for the spinal cord in Figure 3-9 and shown 
over a section of the brain in Figure 3-13. There are 
three layers of meninges: 

1. The dura mater is a strong fibrous covering that 
surrounds the entire central nervous system; it is 
bound tightly to the inner surface of the skull but only 
loosely to the vertebral canal where there is a loose 
connective tissue space called the epidural space. 

2. The arachnoid is a delicate structure loosely at¬ 
tached to the inner surface of the dura mater. And 


beneath the arachnoid is the fluid space that surrounds 
the brain and cord, the subarachnoid space. This space 
is penetrated by large numbers of small arachnoidal 
trabeculae that are part of the arachnoid, 

3. The pia mater is a thin fibrous and vascular cover¬ 
ing of the brain and cord, attached tightly to their sur¬ 
faces, even dipping into all fissures and sulci. 

The blood vessels that serve the brain have special 
relations to the meninges. First, note in Figure 3-11 
the large venous sinus, the superior sagittal sinus, that 
extends along the midline the entire length of the cere- 
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Figure 3 — la. A three-dimensional representation of the ventricular system of the brain. 


brum from front to back. This large sinus lies within 
layers of dura mater, and it has a triangular cross-sec¬ 
tional appearance as shown in Figure 3-13, Similar 
venous sinuses lie over other surfaces of the brain and 
also in the floor of the cranial cavity. All these sinuses 
interconnect and eventually give rise to the two inter¬ 
nal jugular veins. 

Next, note in Figures 3-11 and 3-13 the arachnoid 
villi that protrude into the venous sinuses. These are 
small penetrations of arachnoidal tissue that have 


made small openings in the walls of the sinuses. Cere¬ 
brospinal fluid can flow through these openings from 
the subarachnoid space into the venous blood. How¬ 
ever, the villi function like valves to prevent blood 
from flowing backward from the venous sinuses into 
the subarachnoid space. 

Finally, observe also in Figure 3-13 the large artery 
lying on the surface of the brain. Though this artery 
protrudes into the subarachnoid space, it is actually 
covered by the pia mater. Such arteries on the surface 
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Figure 3 — 13. An expanded view of the meninges covering a section of the brain. Note also the venous sinus with 
arachnoid villi protruding into it. 
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Fij^re 3 — 14. A microscopic section of a 
choroid plexus. 


of the brain and penetrating branches from them pro¬ 
vide nutrition to the brain. 

Formation of Cerebrospinal Fluid by the Choroid 
Plexuses, and Fluid Flow Through the System. Most 
of cerebrospinal fluid is secreted by special secretory 
structures called choroid plexuses that protrude into 
each of the four ventricles, as shown in Figure 3-11. 
The most extensive choroid plexuses lie along the infe¬ 
rior surfaces of the lateral ventricles; therefore, most of 
the cerebrospinal fluid is formed in the lateral ventri¬ 
cles. 

A small section of a choroid plexus is illustrated in 
Figure 3-14. It has a cauliflower-like growth, with 
large numbers of small capillary blood vessels embed¬ 
ded in loose connective tissue and covered by a thin 
layer of cuboidal cells that secrete fluid into the ventri¬ 
cle. The secreted cerebrospinal fluid is a clear, watery 
fluid that contains nearly the same constituents as the 
plasma portion of the blood except for the plasma pro¬ 
teins. 

Once the fluid has been secreted by the choroid 
plexuses, it flows through the following pathway: 


1. From the two lateral ventricles into the third ven¬ 
tricle by way of the two interventricular foramina. 

2. From the third ventricle into the fourth ventricle 
by way of the cerebral aqueduct. 

3. From the fourth ventricle into the subarachnoid 
space surrounding the brain stem through the medial 
aperture and the two lateral apertures. 

4. Through the subarachnoid spaces upward 
around the surfaces of the brain to the arachnoid villi. 

5. From the subarachnoid spaces into the venous 
sinuses through the valveUke structures of the arach¬ 
noid villi. 

The amount of cerebrospinal fluid formed each day 
is about 800 ml, and the pressure of this fluid in the 
cerebrospinal fluid system is about 10 mm Hg, only a 
very low pressure but enough to support the structures 
of the brain and spinal cord. 
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Gross Anatomy of the 
Nervous System: 

III. The Peripheral Nerves 


■ THE CRAIVIAL IVERVES 

In several figures of the last two chapters nerves were 
shown leaving the basal surfaces of the brain. These, 
called cranial nerves, are illustrated in more detail in 
Figure 4-1, and their connections both in the brain 
and peripherally are given in Table 4-1. 

There are 12 pairs of cranial nerves, numbered in 
order of their origin on the basal surface of the brain 
from anterior to posterior, usually using Roman nu¬ 
merals. Each also has its own individual name, which 
also appears in the figure. 


CONNECTIONS OF THE CRANIAL 
NERVES INSIDE THE DRAIN 

Note in Figure 4-1 that the olfactory nerves arise from 
the cerebrum, the optic nerves from the diencephalon, 
and all the remaining ten pairs from the brain stem. 
Because of their special functional importance for 
smell and vision, we shall discuss the connections of 
the olfactory nerves with the brain in Chapter 15 in 
relation to the sense of smell and of the optic nerve in 
Chapters 12 and 13 in relation to vision. The connect¬ 
ing areas of the other cranial nerves in the brain stem 
are illustrated in Figure 4-2. 

Some of the cranial nerves are entirely sensory 
nerves, some entirely motor (that is, they only innervate 
muscles to cause contraction), and some are combined 
nerves that have both sensory and motor components. 
To the left in Figure 4-2 are illustrated the motor nuclei 
to which the different motor and combined motor-sen¬ 
sory nerves connect. To the right are the sensory nuclei. 

The Motor Nuclei of the Brain Stem. Beginning 
from the top in Figure 4-2, the important motor nuclei 
for the cranial nerves are as follows: 


The oculomotor, trochlear, and abducens nuclei 
(nerves III, IV, and VI) send nerve fibers to the differ¬ 
ent muscles of the orbit for causing movement of the 
eye. The upper portion of the oculomotor nucleus is 
called the Edinger-Westphal nucleus. It controls the 
muscles inside the eye for focusing and for pupillary 
constriction. 

The trigeminal motor nucleus (nerve V) controls the 
muscles of mastication (the muscles for chewing). 

The facial nucleus (nerve VII) controls the many 
muscles of expression of the face. 

The dorsal vagal nucleus (nerve X) is the important 
nucleus of the parasympathetic nervous system. It 
controls motor activity in many of the viscera, espe¬ 
cially the heart (slowing of the heart), and of the upper 
digestive tract (increased peristalsis of the stomach and 
intestines and increased secretion). 

The nucleus ambiguus sends signals through three 
different nerves, the glossopharyngeal, the vagus, and 
the accessory nerves (nerves IX, X, and XI). This nu¬ 
cleus controls such muscles as those for swallowing 
and the speech muscles of the larynx. The lower end of 
the nucleus ambiguus is continuous with the anterior 
horn of the spinal cord from which signals are trans¬ 
mitted through the spinal roots of the accessory nerve 
to control portions of the trapezius and sternocleido¬ 
mastoid muscles. 

The hypoglossal nucleus (nerve XII) controls primar¬ 
ily the movements of the tongue. 


THE SENSORV NUCLEI OF THE 
BRAIN STEH 

To the right in Figure 4-2 are the sensory nuclei of the 
brain stem. From above downward these are the fol¬ 
lowing: 
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Fi^re 4 — 1. Origin of the cranial nerves from the ventral surface of the brain. 


TABLE 4—1 The Cranial Serves 

i\erv'e Caimectian with Brain Function 


Olfactory nerves and tract Anterior ventral cerebrum 


II. Optic nerv e 
rn. Oculomotor nerve 


Lateral geniculate body of the thalamus 
Mesencephalon 


IV. Trochlear nerve 
Trigeminal nerve 
Ophthalmic branch 
Maxillary branch 


Mesencephalon 

Pons 

Pons 


iMandibular branch 


Pons 


\1. Abducens nerve 
\ II. Facial nerv e 


Pons 

Junction pons and medulla 


VTn. Vestibulocochlear nerv'e 

\ estibular branch Junction pons and medulla 

Cochlear branch Junction pons and medulla 

IX. Glossopharyngeal nerve Medulla 


X. \'agus nerve 


Medulla 


XI. Accessory nerve 
Xn. Hypoglossal nerve 


Medulla and superior spinal segments 


Sensory: from olfactory epithelium of superior nasal 
cavity 

Sensory: from retinae of eyes 
Motor: to four eye-movement muscles and levator 
palpebrae 

Parasympathetic: smooth muscle in eyeball 

Motor: to one eye-movement muscle, the superior oblique 

Sensory: from forehead, eye, superior nasal cavity 
Sensory: from inferior nasal cavity, face, upper teeth, 
mucosa of superior mouth 

Sensory: from surfaces of jaw, lower teeth, mucosa of 
low er mouth, and anterior tongue 
Motor: to muscles of mastication 

Motor: to one eye-movement muscle, the lateral rectus 
Motor: to facial muscles of expression and cheek 
muscle, the buccinator 

Sensory: from equilibrium sensory organ, the vestibular 
apparatus 

Sensory: from auditory sensory organ, the cochlea 
Sensory: from pharynx and posterior tongue, including 
taste 

Motor: superior pharvmgeal muscles 
Sensory: much of v iscera of thorax and abdomen 
Motor: larynx and middle and inferior pharyngeal 
muscles 

ParasvTnpathetic: heart, lungs, most of digestive system 
Motor: to several neck muscles, sternocleidomastoid 
and trapezius 

Motor: to intrinsic and extrinsic muscles of tongue 


Medulla 
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MOTOR SENSORY 



Figure 4 — 3. The motor and sensory nuclei of the cranial nerves in the brain stem (as seen posteriorly). The motor 
nuclei are illustrated to the left and the sensory nuclei to the right. 


The trigeminal nuclei (nerve V) extend all the way 
from the mesencephalon downward into the upper 
part of the spinal cord. They have three major divi¬ 
sions: the main sensory nucleus, located in the pons, 
which subserves principally the function of tactile sen¬ 
sation for the face, mouth, and scalp; the mesencephalic 
nucleus, which receives signals mainly from muscles 
and other deep structures of the head; and the spinal 
nucleus, which is the principal nucleus for receipt of 
pain signals from the face, mouth, and scalp. 

The cochlear nucleus (part of nerve VIII) is the recep¬ 
tor area for sound signals from the ear. 

The vestibular nucleus (the other part of nerve VIII) 
receives signals from the vestibular apparatus, the sen¬ 
sory organ for equilibrium. 

The nucleus of the tractus solitarius is the principal 
nucleus for receipt of visceral sensory signals from 
such organs as the heart, stomach, special blood pres¬ 
sure receptors (the baroreceptors), and taste buds of 
the mouth. This nucleus receives signals through the 
facial, glossopharyngeal, and vagus nerves (nerves 
VII, IX, and X). 


THE EXTERIVAL DiSTEUBUTiOm OF 
THE CRAJyilAL SERVES 

The Olfactory Nerves and Olfactory Tract (I). The 
olfactory nerves and olfactory tract are the sensory 


pathway for smell. The olfactory nerves are about 20 
small nerves, each 1 to 2 cm in length, that arise from 
the olfactory epithelium, the sensory organ for smell 
located in the superiormost portion of the nasal cavity 
on the surfaces of the septum and superior concha. 
These 20 small olfactory nerves pass through an equal 
number of foramina in the cribriform plate of the eth¬ 
moid bone that forms the superior boundary of the 
nasal cavity and separates this cavity from the anterior 
fossa of the cranial cavity. Lying on the superior sur¬ 
face of the cribriform plate, between it and the inferior 
surface of the frontal lobe of the cerebrum, is the olfac¬ 
tory bulb, and leading posteriorly from this is the olfac¬ 
tory tract that terminates in the olfactory areas of the 
cerebrum located in and between the anterior medial 
portions of the two temporal lobes. After the olfactory 
nerves pass through the cribriform plate, some of their 
fibers terminate at synapses in the olfactory bulb, 
whereas others continue posteriorly in the olfactory 
tract, terminating in the cerebral olfactory areas, which 
will be discussed in Chapter 15. 

Optic Nerve (II). Also illustrated in Figure 4 -1 is the 
entire extent of the optic nerve. After leaving the eye, 
this nerve passes through the posterior recesses of the 
orbit, then through the optic foramen of the sphenoid 
bone, finally reaching the basal surface of the brain at 
the posteromedial limit of the frontal lobes. At this 
point the lateral half of the optic nerve continues pos¬ 
teriorly along the lateral surface of the hypothalamus. 
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while the medial half abruptly bends medially and 
crosses to the opposite side through the optic chiasm 
lying anterior to the inferior hypothalamus. The 
crossed medial fibers then combine with the uncrossed 
lateral fibers on the opposite sides to form the two optic 
tracts, which course posteriorly along the lateral sur¬ 
faces of the hypothalamus and terminate in the lateral 
geniculate bodies in the posterior thalamus. 

Oculomotor Nerve (III), Trochlear Nerve (IV), and 
Abducens Nerve (VI). These are the nerves that con¬ 
trol the eye movements. Note in Figure 4-1 that the 
oculomotor nerve leaves the brain stem near the mid¬ 
line of the anterior surface of the mesencephalon. The 
trochlear nerve arises from the lower posterolateral 
surface of the mesencephalon and then wraps around 
its side to its anterior aspect. The abducens nerve arises 
from the pons at its medullary junction. All these 
nerves then course through the superior orbital fissure 
into the orbit and innervate the extra ocular and intra¬ 
ocular muscles as illustrated in Figure 4-3. The extra- 
ocular muscles attach to the eyes to cause the eye 
movements, and the intraocular muscles control fo¬ 
cusing of the eyes and constriction of the pupil. 

Trigeminal Nerve (V). As illustrated in Figure 4-1, 
the trigeminal nerve arises from the anterolateral sur¬ 
face of the midpons. It immediately enlarges for a dis¬ 
tance of 1 cm to a diameter about two times its original 
diameter. This portion of the nerve is called the trigem¬ 
inal ganglion; it contains the cell bodies of the nerve's 
sensory fibers and therefore is analogous to the dorsal 
root ganglia of the spinal nerves. Arising from the tri¬ 
geminal ganglion are three major peripheral branches 
illustrated in Figure 4 - 4: (1) the ophthalmic division, (2) 
the maxillary division, and (3) the mandibular division. 

The ophthalmic and maxillary divisions are both 
entirely sensory. The ophthalmic nerve passes through 


the upper reaches of the orbit and branches into the 
skin on the surface of the nose and superiorly over the 
forehead, supplying sensory nerves to these areas of 
the face and scalp and to the eye itself. It also sends 
branches to the nasal cavity and to the air sinuses. 

The maxillary nerve leaves the cranial cavity 
through the foramen rotundum; then it passes through 
the inferior orbit and eventually through a bony canal 
underneath the eye to distribute over the anterior and 
lateral sides of the face to provide sensation. This nerve 
also supplies sensation to the upper teeth, the upper 
portions of the oral mucosa, and the mucosa of the 
nasal cavity and nasopharynx. 

The mandibular nerve has both a sensory division 
and a motor division. This nerve passes through the 
foramen ovale into the space anterior and inferior to 
the temporal bone and medial to the ramus of the 
mandible, a space called the infratemporal fossa. The 
sensory division provides sensation to the most lateral 
portions of the face, the outer surfaces of the lower jaw 
and chin, the lower teeth, and the lower portions of the 
oral mucosa, including the anterior two thirds of the 
tongue. The motor division of the mandibular nerve 
innervates the muscles of mastication: the temporalis, 
the masseter, and the medial and lateral pterygoid 
muscles. 

Facial Nerve (VII). The facial nerve arises from the 
brain stem at the posterolateral junction of the pons 
and the medulla (Fig. 4-1). It immediately passes 
through the internal auditory meatus and enters the 
facial canal in the temporal bone (shown in Fig 4-4) 
and enters the posterior facial region anterior and infe¬ 
rior to the ear, as illustrated in Figure 4-5. It then 
spreads through the superficial layers of the entire lat¬ 
eral and anterior facial regions to innervate all the 
muscles of facial expression as well as the buccinator 
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Figure 4-3. The oculomotor nerve (m), trochlear nerve (IV) (not illustrated; in cut away portion), and abducens nerve 
(VT) innervating the eye muscles and also the internal structures of the eyeball through the ciliary ganglion. 
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Figure 4 “ 4. The trigeminal nerve (V) and its branches. Note also the chorda tympani that connects the lingual nerv e 
(a branch of the trigeminal) to the facial nerve. 


muscle of the cheek. In its early course anterior to the 
ear it passes through or adjacent to the parotid gland, 
one of the glands for secretion of saliva. This gland on 
occasion becomes cancerous, in which case the facial 
nerve is often destroyed by the cancer or by the surgery 
required to remove the cancer. The person then loses 
all capability of emotional expression on that side of 
the face. He also becomes unable to close his eye com¬ 
pletely and cannot keep his lips closed adequately on 
that side, and his cheek bulges outward with food 
every time he eats. This combination is an extremely 
depressing and even debilitating condition for the pa¬ 
tient. 

Note also in Figure 4 - 4 a branch of the facial nerve 
called the chorda tympani that passes through the mid¬ 
dle ear and eventually combines with the lingual nerve, 
one of the branches of the mandibular nerve. The 
fibers from the chorda tympani finally terminate (1) in 
the submandibular ganglion, from which nerves then 
extend to the submandibular and sublingual glands to 
control salivary secretion, and (2) in the anterior two 
thirds of the tongue to provide taste sensation. The 
sensory ganglion of the facial nerve is called the genic¬ 
ulate ganglion, and it is located in the facial canal. 


Vestibulocochlear Nerve (VIII). The vestibulo¬ 
cochlear nerve arises from the pons-medullary junc¬ 
tion just lateral to the facial nerve (Fig. 4-1). It is a 
short nerve that immediately enters the internal audi¬ 
tory meatus to innervate both the vestibular apparatus 
(the organ of equilibrium) and the cochlea (the organ of 
hearing). Both of these organs are contained within the 
petrous portion of the temporal bone itself. 

Glossopharyngeal Nerve (IX). The glossopharyn¬ 
geal nerve arises from the upper lateral border of the 
medulla (Fig. 4-1) and passes immediately from the 
cranial vault via the jugular foramen into the posterior 
pharyngeal region. Figure 4 — 6 illustrates this nerve 
leaving the cranial vault along with the vagus and 
accessory nerves. The glossopharyngeal nerve pro¬ 
vides sensory innervation for the mucous membrane 
of the pharynx as well as for the posterior third of the 
tongue, including both general sensory and taste sen¬ 
sation from this area. A motor branch of the glosso¬ 
pharyngeal nerve also innervates the superior pharyn¬ 
geal muscles that are important for swallowing. 

Vagus Nerve (X). The vagus nerve arises from the 
lateral border of the medulla (Fig. 4-1) inferior to the 
glossopharyngeal nerve. Its entry into the cervical re- 
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Figure 4-5. The facial ner\ e (VTI) and the upper cervical portion of the accessory nerv'e (XI). Note the many branches of the 
facial nerve to the muscles of facial expression. 
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gion via the jugular foramen, along with the glosso¬ 
pharyngeal and accessory nerves, is illustrated in Fig¬ 
ure 4-6. It then courses inferiorly into the thorax 
alongside the common carotid artery and internal jug¬ 
ular vein. Branches from the vagus nerves in the neck 
and upper thorax supply the muscles of the larynx for 
control of speech. At the superior border of the heart, 
parasympathetic nerve branches from the vagi, to¬ 
gether with sympathetic branches from the thoracic 
sympathetic chains, form the cardiac plexus from 
which nerves then innervate the heart. The distal por¬ 
tions of the vagus nerves continue inferiorly through 
the thorax alongside the esophagus and pass through 
the diaphragm to form anterior and posterior gastric 
nerves. These give parasympathetic innervation to the 
stomach, the entire small intestine, the proximal colon, 
and other viscera of the abdominal cavity. Thus, the 
vagus nerve carries the majority of the parasympa¬ 
thetic nerve fibers that help to control the internal 
organs of the body, such as those controlling heart rate, 
stomach secretion, intestinal peristalsis, and so forth. 
The distal colon and pelvic organs receive parasympa¬ 


thetic innervation via sacral spinal nerves, as we shall 
discuss later. 

The vagus nerve also conducts sensory nerve fibers 
to the medulla from all the same visceral areas that 
receive vagal sympathetic fibers. 

The Accessory Nerve (XI). The accessory nerve 
arises from the lateral border of the inferior medulla as 
well as from the anterolateral surface of the upper five 
segments of the spinal cord (Fig, 4-7). It leaves the 
cranial vault via the jugular foramen along with the 
glossopharyngeal and vagus nerves, as illustrated in 
Figure 4-7. Some of its fibers then join the vagus nerve 
and innervate the muscles of the larynx and the phar¬ 
ynx, but all of the fibers from the spinal roots of the 
accessory nerve course downward along the postero¬ 
lateral portion of the neck to provide motor control of 
portions of the sternocleidomastoid and trapezius 
muscles, as illustrated in Figure 4-6. These muscles 
also receive fibers from the cervical plexus in the neck 
region. 

The Hypoglossal Nerve (XII). The hypoglossal 
nerve arises from the lateral border of the lower me- 
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Figure 4- 7. The lingual portion of the trigeminal nerve (V), the glossopharyngeal nerve (IX), the hypoglossal nerve (XII), and 
branches of the cervical plexus. 


dulla (Fig. 4 -1) anterior to the origins of the vagus and 
accessory nerves. It leaves the skull via the hypoglossal 
foramen. Figure 4-7 illustrates the entry of the hypo¬ 
glossal nerve into the inframandibular region of the 
neck and its distribution to all the muscles of the 
tongue, including the hypoglossus, genioglossus, sty¬ 
loglossus, and intrinsic tongue muscles. 

■ THE SPL\AL IVERVES 

The anatomy of the spinal cord was discussed in the 
previous chapter, as was also the origin of the spinal 
nerves from the cord. To recapitulate, there is one pair 
of spinal nerves for each vertebral segment of the cord, 
and these nerves leave the sides of the vertebral canal 
through the two intervertebral foramina between each 
two successive vertebrae. The purpose of the re¬ 
mainder of this chapter will be to describe the distribu¬ 
tions of the peripheral extensions of the spinal nerves. 

Referring again to Figure 3-8 in the previous chap¬ 
ter, showing an overview of the entire spinal cord and 
its spinal nerves, one can count 8 pairs of cervical spi¬ 
nal nerves, specified as nerves C-1 through C-8; 12 
pairs of thoracic spinal nerves, T-1 through T-12; 5 
pairs of lumbar spinal nerves, L-1 through L-5; 5 pairs 


of sacral spinal nerves, S-1 through S-5; and 1 pair of 
extremely small coccygeal spinal nerves. 

The thoracic spinal nerves (those of the chest region) 
are relatively small. However, branches from these 
control the deep back muscles as well as the very large 
latissimus dorsi, the "'climbing" muscle of the arm. 
Also, the thoracic spinal nerves give rise to the inter¬ 
costal nerves that course around the body inferior to the 
ribs to supply the intercostal muscles and also to pro¬ 
vide cutaneous innervation for the chest and abdo¬ 
men. Extensions of the lower intercostal nerves also 
supply most of the muscles of the anterior abdominal 
wall. 

By contrast the spinal nerves of the cervical, lumbar, 
and sacral regions are very large; it is these nerves that 
provide motor control and sensation for the neck re¬ 
gion, the back of the head, the shoulders, the upper 
extremities, the lower trunk, and the lower extremities. 
Note also that all of these nerves, shortly after leaving 
the vertebral canal, interconnect among themselves to 
form four major plexuses: 

1. The cervical plexus, formed by spinal nerves C-1 
through C-5, supplies the neck, the back of the head, 
portions of the shoulder, and the diaphragm. 

2. The brachial plexus, formed by C-5 through T-1, 
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Figure 4-8. The cervical plexus and its 
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supplies most of the shoulder region, the arm, the fore¬ 
arm, and the hand. 

3. The lumbar plexus, from L-1 through L-4, sup¬ 
plies some muscles of the lower back, the lower abdo¬ 
men, and the anterior and medial thigh. 

4. The sacral plexus, from L-4 through S-5, supplies 
the gluteal region, the posterior and lateral thigh, the 
leg, and the foot. 

Now, let us look at these plexuses individually to see 
some of the details of their organizations and distribu¬ 
tions. 


THE CERVICAL PLEXUS 

Figure 4-8 illustrates the cervical plexus that origi¬ 
nates mainly between C-1 and C-4 but also receives a 
small nerve bundle from C-5. Two upper branches of 
the cervical plexus, the lesser occipital and the greater 
auricular nerves, supply sensation to the back of the 
scalp and the region around the ear. Branching from 
the lower border of the plexus, several supraclavicular 
nerves supply sensation to the lower neck, and branch¬ 
ing anteriorly is the transverse cutaneous nerve that 
provides sensation for the anterior neck. The muscles 
supplied by the cervical plexus are most of the deep 
neck muscles, the superficial anterior neck muscles, 
the levator scapulae, and portions of the trapezius and 
sternocleidomastoid. 

The Phrenic Nerve. Note especially the origin of the 
phrenic nerve from the cervical plexus between C-3 and 
C-5. This is the principal nerve that controls respira¬ 
tion. The phrenic nerv^es on the two sides course 
downward through the neck, then through the thorax 
on each side of the heart, and finally terminate in the 
diaphragm to control the breathing movements of this 
important respiratory muscle. Fractures of the cervical 
vertebrae, which occur especially in diving accidents, 
often crush the spinal cord. If the fracture occurs at the 
fifth through seventh cervical vertebra, as frequently is 
the case, the connections to the phrenic nerv^e will 
remain intact and the person can still breathe. How¬ 
ever, all the other spinal nerv^es below this level will 
not receive appropriate signals from higher centers, 
and the entire body except for the neck muscles and 
this major breathing muscle, the diaphragm, will be 
paralyzed. This is the condition called quadriplegia. 


THE BRACHIAL PLEXUS 

Figure 4-9 illustrates the brachial plexus, arising from 
C-5 through T-1. These five spinal nerves are all very 
large. They unite to form upper, middle, and lower 
trunks in the brachial plexus, and each of these in turn 
splits into an anterior and a posterior division. All the 
cfivisions pass under the clavicle and over the first rib 
into the axilla (the armpit) where they again fuse into 
three large bundles called the (1) lateral cord, (2) poste¬ 
rior cord, and (3) medial cord. All along the course of 
this plexus multiple nerves are given off to provide 


both motor and sensory innervation to the shoulder, 
the superior portion of the anterior and lateral thorax, 
the arm, the forearm, and the hand. Table 4-2 gives 
the principal nerve branches of this plexus and the 
muscles that they innervate. In addition, multiple cuta¬ 
neous branches conduct sensory signals from skin 
areas that roughly overlie these muscles. 

TABLE 4-~Z Major \erves from the Brachial 

Plexus, and the Muscles Innervated 


\erv’e 

Spinal Cord 
Segment 

.Vfuscle 

Dorsal scapular 

C-5 

Rhomboideus major 

Long thoracic 

C-5,6,7 

Serratus anterior 

Suprascapular 

C-5,6 

Supraspinatus 



Infraspinatus 

Subscapular 

C-5,6 

Teres major 



Subscapularis 

Anterior thoracic 

C-5 through T-1 Pectoralis minor 



Pectoralis major 

Musculo¬ 

C-5,6,7 

Biceps brachii 

cutaneous 


Coracobrachialis 



Brachialis 

Radial 

C-5 through T-1 Triceps brachii 


Brachialis 

Brachioradialis 

Supinator 

ELxtensor carpi radialis 
longus and brevis 
Extensor carpi ulnaris 
Extensor digitorum 
Extensor poilicis longus 
Extensor jx>llicis bre\is 
Extensor indicis 
Abductor poilicis 
longus 

Median C-6 through T-1 Pronator teres 

Pronator quadratus 
Palmaris longus 
Flexor carpi radialis 
Flexor digitorum 
superficialis 
Flexor digitorum 
profundus (radial 
half) 

Flexor poilicis longus 
Flexor poilicis brevis 
(shared with ulnar 
nerve) 

Abductor poilicis brev is 
Opponens fXjUicis 
Lumbricals (on radial 
side of hand) 

Ulnar C-8, T-1 Flexor carpi ulnaris 

Flexor digitorum 
profundus (ulnar 
half) 

Flexor poilicis brevis 
(shaped with median 
nerve) 

Flexor digiti minimi 
brevis 

Abductor digiti minimi 
Adductor poilicis 
OpiX)nens digiti minimi 
Lumbricals (on ulnar 
side of hand) 
Interossei 

NOTE: The above nerv es are listed in the approximate order that they 
leave the brachial plexus. 
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Figure 4—10. The courses of the mus¬ 
culocutaneous, radial, median, and 
ulnar nerves down the arm, forearm, 
and hand. 
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Courses of the Major Nerves in the Upper Extrem¬ 
ity. Figure 4-10 illustrates the courses of the four 
major nerves in the upper extremity. These supply 
both sensation to the skin and motor signals to the 
muscles along their courses. 

The musculocutaneous nerve, upon leaving the 
plexus, curves laterally through the deep portions of 
the anterior arm and then continues superficially 
down the lateral surface of the forearm to provide 
sensory innervation. As it passes through the arm it 
innervates the anterior arm muscles listed in Table 
4-2, the most important of which is the biceps hrachii, 
which causes flexion of the forearm. 

The radial nerve, after leaving the brachial plexus, 
curves posteriorly and laterally behind the humerus 
and enters the forearm over the lateral epicondyle of 
the humerus. Thereafter it follows mainly the lateral 
border of the radius and finally continues into the pos¬ 
terior portions of the thumb and first three fingers. The 
list in Table 4-2 of muscles innervated by this nerve 
demonstrates its importance in controlling movements 
of the upper extremity. Careful study will show that 
they are the muscles in the posterior arm and dorsal 
and lateral aspects of the forearm and hand. The prin¬ 
cipal movements that they cause are (1) extension of 
the elbow, (2) supination of the forearm and hand, (3) 
extension of the wrist, fingers, and thumb, and (4) 
abduction of the thumb. 

The median nerve, after leaving the brachial plexus, 
passes down the anteromedial portion of the arm, then 
distally in the anterolateral portions of the forearm, 
passing next into the hand's lateral palm and into the 
anterior compartments of the thumb and first two 
fingers and lateral half of the third finger. Table 4-2 
shows that the median nerve innervates approxi¬ 
mately the lateral two thirds of the muscles in the 
anterior compartment of the forearm and lateral third 


of the anterior muscles of the hand. The major move¬ 
ments that these muscles cause are (1) pronation of the 
forearm and hand, (2) flexion of the wrist, fingers, and 
thumb, (3) abduction of the wrist, (4) abduction of the 
thumb, and (5) opponens motion of the thumb. 

The ulnar nerve passes down the posteromedial por¬ 
tion of the arm, then behind the medial epicondyle of 
the humerus at the elbow joint, and finally alongside 
the ulna to enter the medial border of the hand, sup¬ 
plying both the anterior and posterior surfaces of the 
little finger and the medial half of the third finger. 
Along the course of this nerve, cutaneous branches 
provide sensation for the anteromedial surface of the 
forearm and the surface of the hand medial to the 
midline of the third finger. Also, Table 4 - 2 shows that 
the ulnar nerve innervates approximately the medial 
third of the muscles in the anterior forearm and the 
medial two thirds of the muscles in the anterior hand. 
These muscles cause mainly (1) flexion of the wrist and 
fingers (shared functions with the median nerve), (2) 
abduction of the fingers, (3) adduction of the fingers 
and thumb, and (4) opponens motion of the little 
finger. 

Though it is not important at this point to memorize 
the exact distributions of all these nerves, surgeons 
find it essential to know these distributions precisely. 
When a nerve injury occurs, the surgeon can deter¬ 
mine which nerve is damaged as well as where it is 
damaged by studying the areas of sensory loss on the 
skin and the specific muscles that are paralyzed. One 
of the most common points for severe damage is in the 
brachial plexus itself. For instance, if the arm is pulled 
upward with tearing force, the medial cord of the 
brachial plexus is especially likely to be damaged. 
From Figures 4-9 and 4-10 one will see that this can 
completely sever the fibers to the ulnar nerve and can 
destroy many of the fibers to the median nerve as well. 
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mainly paralyzing the muscles along the medial side of 
the anterior forearm and hand and also causing sen¬ 
sor}^ loss along these surface areas. 


THE LVHBAR PLEXUS AXD THE 
FEMORAL XERVE 

The lumbar spinal nerves between L-1 and L-4 and a 
small branch from T-12 form the lumbar plexus, illus¬ 
trated in Figure 4-11. This plexus lies on the posterior 
wall of the lumbar region of the abdominal cavity, then 
sends branches inferiorly along the lateral wall of the 
pelvis. Near its origin, branches from the plexus inner¬ 
vate a few muscles in the abdominal and back regions, 
including the low back muscles, the psoas major, the 
quadratus lumborum, and the most inferior portions of 
the abdominal muscles. However, this plexus mainly 
sends nerves into the thigh, the three most important 
of which are as follows: 

1. The lateral femoral cutaneous nerve (illustrated in 
Fig. 4-12A) enters the anterolateral thigh from under¬ 
neath the inguinal ligament. This then passes down¬ 
ward along the lateral side of the thigh to provide 
sensor}^ innervation to the skin. 

2. The obturator nerve (Figs. 4-11 and 4-12A) orig¬ 
inates from the lower portion of the lumbar plexus and 
enters the medial side of the thigh. This is mainly a 
motor nerve, controlling the large array of adductor 
muscles of the thigh that pull the legs together and are 
listed in Table 4-3. 

3. The femoral nerve (Figs. 4-11 and 4-12A) is by 
far the largest of the nerves from the lumbar plexus. 
Figure 4- 12A shows that this nerve runs for a short 
distance parallel to the femoral artery in the upper 
thigh but divides into multiple large branches about 
10 cm below the inguinal ligament. Some of these are 
muscular branches and some cutaneous. As shown in 
Figure 4-12A, and also in Table 4-3, the muscular 
branches inner\'ate all the muscles of the anterior thigh, 
the most important of which are the four heads of the 
ver\" large quadriceps femoris muscle and also the sar- 
torius muscle. These are both the principal flexors of 
the thigh and the single massive extensor muscle for 
extending the knee joint. In addition to these muscular 
branches, there are two principal cutaneous branches: 
the anterior femoral cutaneous nerve that innervates the 
skin of the anteromedial thigh all the way to the knee 
and the saphenous nerve that innervates the medial 
surfaces of the leg from the knee all the way to the foot. 


THE SACRAL PLEXUS AIVD THE 
SCIATMC XERVE 

The sacral plexus derives mainly from spinal nerves 
L-5 through S-3, but also from small branches of L-4 
and S-4 to the coccygeal spinal nerves (Co.) as illus¬ 
trated in Figure 4-13. This plexus lies along the poste¬ 
rior wall of the pelvis. Its principal branches are the 
following: 


TABLE 4 — 3 Major Xerves Jrom the Lumbar and 
Sacral Plexuses, and the Muscles 
innervated 


Xerve 

Spinal Cord 
Segment 

Muscle 

Lumbar Plexus 

Obturator 

L-2,3,4 

Pecdneus (shared with 
femoral nerve) 
Adductor longus 
Adductor magnus 
(shared with sciatic) 
Adductor brevis 

Gracillis 

Femoral 

L-2,3,4 

Sartorius 

Iliacus 

Pectineus (shared with 
obturator nerve) 
Quadriceps femoris 

1. Rectus femoris 

2. V^astus medialis 

3. V^astus lateralis 

4. V'astus intermedius 

Other muscular 
branches 

L-2,3 

Psoas major 

Quadratus lumborum 

Sacral Plexus 

Superior gluteal 

L-4,5.S-1 

Gluteus medius 

Gluteus minimus 

Tensor fasciae latae 

Inferior gluteal 

L-5,S-1,2 

Gluteus maximus 

Sciatic 

L‘4 through S-3 

Adductor magnus 
(shared with 
obturator nerv'e) 
Obturator internus 
Superior gemellus 
Inferior gemellus 
Quadratus femoris 

Tibial portion of 
the sciatic 

L-4 through S-3 

Biceps femoris (shared 
with peroneal nerv e) 
Semitendinosus 
Semimembranosus 
Gastrocnemius 

Soleus 

Popliteus 

Tibialis posterior 

Flexor digitorum longus 
Flexor hallucis longus 
Plantar and medial foot 
muscles 

Peroneal portion 
of the sciatic 

L-4 through S-2 

Biceps femoris (shared 
with tibial nerv^e) 
Tibialis anterior 

Peroneus longus 
Peroneus brevis 

Extensor digitorum 
longus 

Extensor hallucis longus 
Dorsal and lateral foot 
muscles 

Pudendal 

S-2,3,4 

Muscles of urogenital 
triangle 

Other muscular 
branches 

S-3,4 

Levator ani 

Coccygeus 

External anal sphincter 


1. The superior and inferior gluteal nerves exit later¬ 
ally from the pelvis to control mainly the gluteal mus¬ 
cles of the buttock and lateral hip, which cause both 
backward extension and lateral abduction at the hip 
joint. 
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Figure 4—13. The sacral plexus and its branches, 
especially the sciatic nerve. 



2. The posterior femoral cutaneous nerve passes 
down the back of the thigh and upper portion of the leg 
to provide sensation. 

3. The pudendal nerve passes to the perineum and to 
the external genital organs, including the penis and 
scrotum in the male and the vagina in the female, to 
subserve sexual functions and sensations. 

4. Pelvic parasympathetic nerve branches derived 
from sacral spinal nerves S-2 through S-4 pass to the 
pelvic organs to initiate such functions as defecation 
(emptying the rectum) and micturition (emptying the 
bladder), as well as playing roles in the acts of erection, 
orgasm, and ejaculation during sexual intercourse. 

5. Several small nerves derived from spinal nerves 
S-3 and S-4 control the voluntary muscle sphincters 
around the anus and around the external urethra. 
These allow the person to prevent defecation or mic¬ 
turition when these are inconvenient. 

6. The very large sciatic nerve is so important that it 
deserves special consideration as follows. 

The Sciatic Nerve. The sciatic nerve, illustrated in 
Figures 4 -12B and 4 -13, is by far the largest nerve of 
the body. It originates in the sacral plexus mainly from 
spinal segments L-5 to S-2, then leaves the posterior 


pelvis medial to the ischial tuberosity and courses dis- 
tally in the posterior compartment of the thigh embed¬ 
ded between the hamstring muscles. Along this 
course, it supplies muscular branches to all the deep 
muscles posterior to the hip joint and also those in the 
posterior thigh, all listed in Table 4-3. These muscles 
cause extension of the thigh, and the hamstrings in the 
posterior thigh are the strong flexors of the knee joint. 

At the lower end of the thigh, immediately above the 
knee joint, the sciatic nerve divides into two major 
branches, the tibial nerve and the common peroneal 
nerve. The tibial nerve continues distally in the poste¬ 
rior compartment of the leg, lying in the interval be¬ 
tween the tibia and the fibula. It finally enters the 
medial side of the foot behind the medial malleolus. In 
this course it supplies sensory branches to the skin as 
well as branches to all the muscles of the back of the 
leg, especially to the soleus, the gastrocnemius, the 
tibialis posterior, and the flexors of the toes. The prin¬ 
cipal functions of these muscles are to flex the foot and 
toes downward and also to invert the foot. 

The common peroneal nerve wraps around the lat¬ 
eral side of the fibula, where it divides into the superfi¬ 
cial and deep peroneal nerves. The superficial peroneal 
nerve descends in the lateral leg to provide motor in- 
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Fijfure 4-14. The dermatomes. (Modified from Grinker and 
Sahs: Neurology. Springfield, Ill., Chairles C Thomas, 1966.) 


nervation to the peroneus muscles and cutaneous in¬ 
nervation to the dorsum of the foot. These muscles are 
the everters of the foot. The deep peroneal nerve de¬ 
scends in the anterior compartment of the leg in rela¬ 
tion to the anterolateral muscles (the tibialis anterior 
and the extensor muscles of the toes) and controls 
them. Their principal function is upward flexion of the 
foot. 


THE DERMATOHES 

Each spinal nerve provides sensory innervation to a 
"segmental field" of the skin called a dermatome. This 


is true even though most of the spinal nerves appear to 
become mixed up with other spinal nerves as they pass 
through the plexuses. The different dermatomes for 
the separate spinal nerves are illustrated in Figure 

4- 14. However, in this figure, the dermatomes are 
shown as if there were distinct borders between the 
adjacent dermatomes. This is only partly true because 
the distal branches of the nerves invade one another's 
territory. For this reason, an entire single spinal nerve 
can often be destroyed without significant loss of sen¬ 
sation in the skin, but when several adjacent spinal 
nerves are destroyed, one can easily establish the ex¬ 
tent of sensory loss and from this determine the seg¬ 
mental level of the nerve injury. 

Figure 4-14 shows that the anal region of the body 
lies in the dermatome of the most distal cord segments, 

5- 4 and S-5. In the embryo, this is the tail region and 
the most distal portion of the body. The lower limbs 
develop from the lumbar and upper sacral levels of the 
embryo rather than from the distal sacral segments, 
which is also evident from the dermatomal map, for 
the dermatomes of this limb are L-2 through S-2. 

Note also in Figure 4-14 that the face and anterior 
half of the head are not designated by spinal nerve 
dermatomes. But remember that sensation in these 
areas is served by the three branches of the fifth cranial 
nerve (the trigeminal nerve). 
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Transport of Ions Through 
the Ceil Membrane 


The transmission of nerve signals is the basis of func¬ 
tion in the nervous system. However, to understand 
nerve transmission, one must first be familiar with the 
biophysics of the nerve cell membrane, especially with 
the transport of ions through this membrane and the 
development of electrical potentials across it. It is the 
purpose of this chapter to discuss the basic principles 
of these phenomena; the following chapter will utilize 
these basic principles to explain nerve transmission 
itself. 


■ COIVCEIVTRATIOIVS OF lOIVS 
AIVD OTHER SERSTAIVCES 
OIV THE OUTSIDE AIVD 
IIVSIDE OF THE CELL 
MEMRRAIVE 

Figure 5-1 gives the approximate compositions of the 
extracellular fluid, which lies outside the cell mem¬ 
branes, and the intracellular fluid, inside the cells. Note 
that the extracellular fluid contains large quantities of 
sodium but only small quantities of potassium. Exactly 
the opposite is true of the intracellular fluid. Also, the 
extracellular fluid contains large quantities of chloride, 
whereas the intracellular fluid contains very little. But 
the concentrations of phosphates, essentially all of 
which are organic metabolic intermediates, and pro¬ 
teins in the intracellular fluid are considerably greater 
than in the extracellular fluid. These many differences 
are extremely important to the life of the cell and espe¬ 
cially to nerve transmission of signals. 


THE LiPMD BARRIER AMD THE 
TRAMSPORT PROTEIMS OF THE CELL 
MEMBRAIME 

The cell membrane consists almost entirely of a lipid 
bilayer with large numbers of protein molecules float¬ 


ing in the lipid, many penetrating all the way through, 
as illustrated in Figure 5-2. 

The lipid bilayer is not miscible with either the ex¬ 
tracellular fluid or the intracellular fluid. Therefore, it 
constitutes a barrier for the movement of most water 
molecules and water-soluble substances between the 
extracellular and intracellular fluid compartments. 
However, as illustrated by the left-hand arrow of Fig¬ 
ure 5-2, a few substances can penetrate this bilayer 
and can either enter the cell or leave it, passing directly 
through the lipid substance itself. 

The protein molecules, on the other hand, have en¬ 
tirely different transport properties. Their molecular 
structures interrupt the continuity of the lipid bilayer 
and therefore constitute an alternate pathway through 
the cell membrane. Most of these penetrating proteins, 
therefore, are transport proteins. Different proteins 
function differently. Some have watery spaces all the 
way through the molecule and allow free movement of 
certain ions or molecules; these are called channel pro¬ 
teins. Others, called carrier proteins, bind with sub¬ 
stances that are to be transported, and conformational 
changes in the protein molecules then move the sub¬ 
stances through the interstices of the molecules to the 
other side of the membrane. Both the channel proteins 
and the carrier proteins are highly selective in the type 
or types of molecules or ions that are allowed to cross 
the membrane. 

Diffusion Versus Active Transport. Transport 
through the cell membrane, either directly through the 
lipid bilayer or through the proteins, occurs by one of 
two basic processes, diffusion (which is also called 
"'passive transport") or active transport. Although 
there are many different variations of these two basic 
mechanisms, as we see later in this chapter, diffusion 
means random molecular movement of substances 
molecule by molecule either through intermolecular 
spaces in the membrane or in combination with a car¬ 
rier protein. The energy that causes diffusion is the 
energy of the normal kinetic motion of matter. By con¬ 
trast, active transport means movement of ions or 
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Figure 5-1. Chemical compositions of extracellular and intra¬ 
cellular fluids. 


other substances across the membrane in combination 
with a carrier protein but additionally against an energy 
gradient such as from a low concentration state to a 
high concentration state, a process that requires an 
additional source of energy besides kinetic energy to 
cause the movement. Let us explain in more detail the 
basic physics and physical chemistry of these two sep¬ 
arate processes. 


■ DIFFUSlOiX 

All molecules and ions in the body fluids, including 
both water molecules and dissolved substances, are 
in constant motion, each particle moving its own sepa¬ 
rate way. Motion of these particles is what physicists 
call heat — the greater the motion, the higher the 
temperature — and motion never ceases under any 
conditions except at absolute zero temperature. When 
a moving molecule. A, approaches a stationary mole¬ 
cule, B, the electrostatic and intemuclear forces of mol¬ 



Figure 5-3. Diffusion of a fluid molecule during a billionth of a 
second. 


ecule A repel molecule B, transferring some of the en¬ 
ergy of motion to molecule B. Consequently, molecule 
B gains kinetic energy of motion, while molecule A 
slows down, losing some of its kinetic energy. Thus, as 
shown in Figure 5-3, a single molecule in solution 
bounces among the other molecules first in one direc¬ 
tion, then another, then another, and so forth, bounc¬ 
ing randomly billions of times each second. 

This continual movement of molecules among each 
other in liquids, or in gases, is called diffusion. Ions 
diffuse in exactly the same manner as whole mole¬ 
cules, and even suspended colloid particles diffuse in a 
similar manner except that they diffuse far less rapidly 
than molecular substances because of their very large 
sizes. 


DiFFUSIOiX THROUGH THE 
CELL MEMBRAXE 

Diffusion through the cell membrane is divided into 
two separate subtypes called simple diffusion and facili¬ 
tated diffusion. Simple diffusion means the molecular 
kinetic movement of molecules or ions through a 
membrane opening or intermolecular spaces without 
the necessity of binding with carrier proteins in the 
membrane. The rate of diffusion is determined by the 
amount of substance available, by the velocity of ki¬ 
netic motion, and by the number of openings in the cell 
membrane through which the molecules or ions can 


Carrier 

proteins 



Simple 

diffusion 


Facilitated 

diffusion 




Diffusion 


Active Transport 


Figure 5 — 2. Transport pathways through the cell mem¬ 
brane and the basic mechanisms of transport. 
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move. On the other hand, facilitated diffusion requires 
the interaction of the molecules or ions with a carrier 
protein that aids its passage through the membrane, 
probably by binding chemically with it and shuttling it 
through the membrane in this form. 

Simple diffusion can occur through the cell mem¬ 
brane by two pathways: through the interstices of the 
lipid bilayer and through watery channels in some of 
the transport proteins, as illustrated to the left in Figure 
5-2. 

Simple Diffusion Through the 
Lipid Biiayer 

Diffusion of Lipid-Soluble Substances. In experi¬ 
mental studies, the lipids of cells have been separated 
from the proteins and then reconstituted as artificial 
membranes consisting of a lipid bilayer but without 
any transport proteins. Using such an artificial mem¬ 
brane, the transport properties of the lipid bilayer by 
itself have been determined. 

One of the most important factors that determines 
how rapidly a substance will move through the lipid 
bilayer is the lipid solubility of the substance. For in¬ 
stance, the lipid solubilities of oxygen, nitrogen, car¬ 
bon dioxide, and alcohols are very high, so that all 
these can dissolve directly in the lipid bilayer and dif¬ 
fuse through the cell membrane in exactly the same 
manner that diffusion occurs in a watery solution. For 
obvious reasons, the rate of diffusion of these sub¬ 
stances through the membrane is directly proportional 
to their lipid solubility. Especially large quantities of 
oxygen can be transported in this way; therefore, oxy¬ 
gen is delivered to the interior of the cell almost as 
though the cell membrane did not exist. 

Transport of Water and Other Lipid-Insoluble 
Molecules. Even though water is highly insoluble in 
the membrane lipids, nevertheless it penetrates the cell 
membrane very readily, much of it passing directly 
through the lipid bilayer and still more passing 
through protein channels. The rapidity with which 
water molecules can penetrate the cell membrane is 
astounding. As an example, the total amount of water 
that diffuses in each direction through the red cell 
membrane during each second is approximately 100 
times as great as the volume of the red cell itself. 

The reason for the large amount of diffusion of 
water through the lipid bilayer is still not certain, but it 
is believed that water molecules are small enough and 
their kinetic energy great enough that they can simply 
penetrate like bullets through the lipid portion of the 
membrane before the '"hydrophobic" character of the 
lipids can stop them. 

Other lipid-insoluble molecules also can pass 
through the lipid bilayer in the same way as water 
molecules if they are small enough. However; as they 
become larger, their penetration falls off extremely 
rapidly. For instance, the diameter of the urea mole¬ 
cule is only 20 per cent greater than that of water. Yet 
its penetration through the cell membrane is about a 
thousand times less than that of water. The glucose 
molecule, which has a diameter only three times that 


of the water molecule, penetrates the lipid bilayer 
100,000 times less rapidly than water, thus illustrating 
that the only lipid-insoluble molecules that can pene¬ 
trate the lipid bilayer are the very small ones. 

Failure of Ions to Diffuse Through the Lipid Bi- 
layer. Even though water and other very small un¬ 
charged molecules diffuse easily through the lipid bi¬ 
layer, ions — even small ones, such as hydrogen ions, 
sodium ions, potassium ions, and so forth — penetrate 
the lipid bilayer about one million times less rapidly 
than does water. Therefore, any significant transport 
of these through the cell membrane must occur 
through channels in the proteins, as we will discuss 
shortly. 

The reason for the impenetrability of the lipid bi¬ 
layer to ions is the electrical charge of the ions; this 
impedes ionic movement in two separate ways: (1) The 
electrical charge of these ions causes multiple mole¬ 
cules of water to become bonded to the ions, forming 
so-called hydrated ions. This greatly increases the sizes 
of ions, which alone impedes penetration of the lipid 
bilayer. (2) Even more important, the electrical charge 
of the ion also interacts with the charges of the lipid 
bilayer in the following way. It will be recalled that 
each half of the bilayer is composed of "polar" lipids 
that have an excess of negative charge facing toward 
the surfaces of the membrane. Therefore, when a 
charged ion tries to penetrate either the negative or the 
positive electrical barrier, it is instantaneously re¬ 
pulsed. 

To summarize. Table 5-1 gives the relative perme¬ 
abilities of the lipid bilayer to a number of different 
molecules or ions of different diameters. Note espe¬ 
cially the extremely poor permeance of the ions because 
of their electrical charges and the poor permeance of 
glucose because of its molecular diameter. Note also 
that glycerol penetrates the membrane almost as easily 
as urea even though its diameter is almost twice as 
great. The reason for this is a slight degree of lipid 
solubility. 

Simple Diffusion Through Protein 
Channels and Gating** of 
These Channels 

The protein channels are believed to be watery path¬ 
ways through the interstices of the protein molecules. 
In fact, computerized three-dimensional reconstruc¬ 
tions of some of these proteins have demonstrated 


TABLE S-1 Relationship of Effective Diameters of 
Different Substances to Their Lipid 
Bilayer Permeabilities 


Substance 

Diameter 

(nm) 

llelative 

Permeability 

Water molecule 

0.3 

1.0 

Urea molecule 

0.30 

0.0000 

Hydrated chloride ion 

0.380 

0.00000001 

Hydrated potassium ion 

0.300 

0.0000000000 

Hydrated sodium ion 

0.313 

0.0000000003 

Glycerol 

0.03 

0.0000 

Glucose 

0.80 

0.000000 
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tube-shaped channels from the extracellular to the in¬ 
tracellular ends. Therefore, substances can diffuse di¬ 
rectly through these channels from one side of the 
membrane to the other. However, the protein chan¬ 
nels are distinguished by two important characteris¬ 
tics: (1) They are often selectively permeable to certain 
substances. (2) Many of the channels can be opened or 
closed by gates. 

Selective Permeability of Different Protein 
Channels. Most, but not all, protein channels are 
highly selective for the transport of one or more spe¬ 
cific ions or molecules. This results from the character¬ 
istics of the channel itself, such as its diameter, its 
shape, and the nature of the electrical charges along its 
inside surfaces. To give an example, one of the most 
important of the protein channels, the so-called sodium 
channels, calculate to be only 0.3 by 0.5 nm in size, but 
more importantly the inner surfaces of these channels 
are strongly negatively charged, as illustrated by the 
negative signs inside the channel proteins in the top 
panel of Figure 5-4. These strong negative charges are 
postulated to pull sodium ions more than they pull 
other physiologically important ions into the channels 
because of the smaller ionic diameter of the dehy¬ 
drated sodium ions than for the others. Once in the 
channel, the sodium ions then diffuse in either direc¬ 
tion according to the usual laws of diffusion. Thus, the 
sodium channel is specifically selective for the passage 
of sodium ions. 

On the other hand, another set of protein channels is 
selective for potassium transport, illustrated in the 
lower panel of Figure 5-4. These channels calculate to 
be slightly smaller than the sodium channels, only 0.3 
by 0.3 nm, but they are not negatively charged. There¬ 
fore, no strong attractive force is pulling ions into the 
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mm 



Inside 

Fi^re 5 — 4, Transport of sodium and potassium ions through 
protein channels. Also shown are conformational changes of the 
channel protein molecules that open or close the "gates” guarding 
the channels. 


channels, and the ions are not pulled away from the 
water molecules that hydrate them. The hydrated form 
of the potassium ion is considerably smaller than the 
hydrated form of sodium because the sodium ion has 
one whole orbital set of electrons less than the potas¬ 
sium ion, which allows the sodium nucleus to attract 
far more water molecules than can the potassium. 
Therefore, the smaller hydrated potassium ions can 
pass easily through this smaller channel, whereas so¬ 
dium ions are mainly rejected, thus once again provid¬ 
ing selective permeability for a specific ion. 

Gating of Protein Channels. Gating of protein 
channels provides a means for controlling the perme¬ 
ability of the channels. This is illustrated in both the 
upper and the lower panels of Figure 5-4 for the so¬ 
dium and the potassium ion. It is believed that the 
gates are actual gatelike extensions of the transport 
protein molecule, which can close over the opening of 
the channel or can be lifted away from the opening by 
a conformational change in the shape of the protein 
molecule itself. In the case of the sodium channels, this 
gate opens and closes on the outer surface of the cell 
membrane, whereas for the potassium channels it 
opens and closes on the inner surface. 

The opening and closing of gates are controlled in 
two principal ways: 

1. Voltage gating. In this instance, the molecular 
conformation of the gate responds to the electrical po¬ 
tential across the cell membrane. For instance, when 
there is a strong negative charge on the inside of the 
cell membrane, the sodium gates remain tightly closed; 
on the other hand, when the inside of the membrane 
loses its negative charge, these gates open suddenly 
and allow tremendous quantities of sodium to pass 
inward through the sodium pores (until still another 
set of gates at the cytoplasmic ends of the channels 
close, as explained in Chapter 6). This is the basic cause 
of action potentials in nerves that are responsible for 
nerve signals. The potassium gates also open when the 
inside of the cell membrane becomes positively 
charged, but this response is much slower than that for 
the sodium gates. These events are discussed in the 
following chapter. 

2. Ligand gating. Some protein channel gates are 
opened by the binding of another molecule with the 
protein; this causes a conformational change in the 
protein molecule that opens or closes the gate. This is 
called ligand gating, and the substance that binds is the 
ligand. One of the most important instances of ligand 
gating is the effect of acetylcholine on the so-called 
acetylcholine channel. This opens the gate of this chan¬ 
nel, providing a pore about 0.65 nm in diameter that 
allows all molecules and positive ions smaller than this 
diameter to pass through. This gate is exceedingly im¬ 
portant in the transmission of signals from one nerve 
cell to another (Chapter 47) and from nerve cells to 
muscle cells (Chapter 25). 

The Open-State, Closed-State of Gated Channels. 
Figure 5-5 illustrates an especially interesting charac¬ 
teristic of voltage-gated channels. This figure shows 
two recordings of electrical current flowing through a 
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Open Scxiium Channel 



Milliseconds 


Figure 5 — 5, A, Record of current flow through a single voltage¬ 
gated sodium channel, demonstrating the all-or-none principle 
for opening of the channel. B, The "patch-clamp” method for 
recording current flow through a single protein channel. To the 
left, recording is performed from a "patch” of a living cell mem¬ 
brane. To the right, recording is from a membrane patch that has 
been torn away from the cell. 

single sodium channel when there was an approxi¬ 
mate 25 mV potential gradient across the membrane. 
Note that the channel conducts current either all or 
none. That is, the gate of the channel snaps open and 
then snaps closed, each snapping event occurring 
within a few millionths of a second. This illustrates the 
rapidity with which conformational changes can occur 
in the shape of the protein molecular gates. At one 
voltage potential the channel may remain closed all the 


time or almost all the time, whereas at another voltage 
level it may remain open either all or most of the time. 
However, at in-between voltages, the gates tend to 
snap open and closed intermittently, as illustrated in 
the upper recording, giving an average current flow 
somewhere between the minimum and the maximum. 

The Patch-Clamp Method for Recording Ion Current 
Flow Through Single Channels. One might wonder how it 
is technically possible to record ion current flow through 
single channels as shown in Figure 5-5A. This has been 
achieved by using the '"patch-clamp" method illustrated in 
Figure 5-5B. Very simply, a micropipette, having a tip diam¬ 
eter of only 1 or 2 /^m, is abutted against the outside of a cell 
membrane. Then suction is applied inside the pipette to pull 
the membrane slightly into the tip of the pipette. This creates 
a seal where the edges of the pipette touch the cell mem¬ 
brane. The result is a minute "patch" at the tip of the pipette 
through which current flow can be recorded. 

Alternatively, as shown to the right in Figure 5-5B, the 
small cell membrane patch at the end of the pipette can be 
tom away from the cell. The pipette with its sealed patch is 
then inserted into a free solution. This allows the concen¬ 
tration of the ions both inside the micropipette and in the 
outside solution to be altered as desired. Also, the voltage 
between the two sides of the membrane can be set at will — 
that is, "clamped" to a given voltage. 

Fortunately, it has been possible to make such patches 
small enough that one often finds only a single channel pro¬ 
tein in the membrane patch that is being studied. By varying 
the concentrations of different ions and the voltage across 
the membrane, one can determine the transport characteris¬ 
tics of the channel as well as its gating properties. 

Facilitated Diffusion 

Facilitated diffusion is also called carrier-mediated dif¬ 
fusion because a substance transported in this manner 
usually cannot pass through the membrane without a 
specific carrier protein helping it. That is, the carrier 
facilitates the diffusion of the substance to the other 
side. 

Facilitated diffusion differs from simple diffusion 
through an open channel in the following very impor¬ 
tant way: Although the rate of diffusion through an 
open channel increases proportionately with the con¬ 
centration of the diffusing substance, in facilitated dif¬ 
fusion the rate of diffusion approaches a maximum, 
called Vjj^, as the concentration of the substance in¬ 
creases. 

What is it that limits the rate of facilitated diffusion? 
A probable answer is that the molecule to be trans¬ 
ported enters the protein channel and becomes bound 
to a "receptor" in the carrier protein molecule. Then in 
a fraction of a second a conformational change occurs 
in the carrier protein, so that the channel now opens to 
the opposite side of the membrane. Because the bind¬ 
ing force of the receptor is weak, the thermal motion of 
the attached molecule causes it to break away and to be 
released on the opposite side. Obviously, the rate at 
which molecules can be transported by this mecha¬ 
nism can never be greater than the rate at which the 
carrier protein molecule can undergo conformational 
change back and forth between its two states. Note 
specifically that this mechanism allows the trans- 
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ported molecule to "diffuse" in either direction 
through the membrane. 

Among the most important substances that cross cell 
membranes by facilitated diffusion are glucose and 
most of the ammo acids. 


FACTORS THAT AFFECT XET RATE 
OF DIFFVSIO\ 

By now it is evident that many different substances can 
diffuse either through the lipid bilayer of the cell 
membrane or through protein channels. However, 
please understand clearly that substances that diffuse 
in one direction can also diffuse in the opposite direc¬ 
tion. Usually, what is important to the cell is not the 
total substance diffusing in both directions but the dif¬ 
ference between these two, which is the net rate of 
diffusion in one direction. The factors that affect this 
are (1) the permeability of the membrane, (2) the dif¬ 
ference in concentration of the diffusing substance be¬ 
tween the two sides of the membrane, (3) the pressure 
difference across the membrane, and (4) in the case of 
ions, the electrical potential difference between the 
two sides of the membrane. 

Effect of a Concentration Difference. Figure 5 - 6A 
illustrates a cell membrane with a substance in high 
concentration on the outside and low concentration on 
the inside. The rate at which the substance diffuses 
inward is proportional to the concentration of mole¬ 
cules on the outside, for this concentration determines 
how many molecules strike the outside of the channels 
each second. On the other hand, the rate at which 
molecules diffuse outward is proportional to their con¬ 
centration inside the membrane. Obviously, therefore, 
the rate of net diffusion into the cell is proportional to 
the concentration on the outside minus the concentra¬ 
tion on the inside or 

Net diffusion a P(C<, — C,) 

in which C^, is the concentration on the outside, C, is 
the concentration on the inside, and P is the permeabil¬ 
ity of the membrane for the substance. 

Effect of an Electrical Potential on the Diffusion 
of Ions. If an electrical potential is applied across the 
membrane as shown in Figure 5-6B, because of their 
electrical charges, ions will move through the mem¬ 
brane even though no concentration difference exists 
to cause their movement. Thus, in the left panel of the 
figure, the concentrations of negative ions are exactly 
the same on both sides of the membrane, but a positive 
charge has been applied to the right side of the mem¬ 
brane and a negative charge to the left, creating an 
electrical gradient across the membrane. The positive 
charge attracts the negative ions, while the negative 
charge repels them. Therefore, net diffusion occurs 
from left to right. After much time, large quantities of 
negative ions will have moved to the right (if we ne¬ 
glect, for the time being, the disturbing effects of the 
positive ions of the solution), creating the condition 
illustrated in the right panel of Figure 5 - 6B, in which a 


A 


Outside Membrane Inside 



Fi^re 5 — 6. Effect of (A) concentration difference and (B) elec¬ 
trical difference on net diffusion of molecules and ions through a 
cell membrane. 

concentration difference of the same ions has devel¬ 
oped in the direction opposite to the electrical potential 
difference. Obviously, the concentration difference is 
now tending to move the ions to the left, while the 
electrical difference is tending to move them to the 
right. When the concentration difference rises high 
enough, the two effects exactly balance each other. At 
normal body temperature (37® C), the electrical differ¬ 
ence that will exactly balance a given concentration 
difference of univalent ions, such as sodium (Na"*"), 
potassium (K'^), or chloride (Cl“), can be determined 
from the following formula called the Nemst equation: 

Q 

EMF (in millivolts) = ±61 log —r 

in w±ich EMF is the electromotive force (voltage) be- 
tw^een side 1 and side 2 of the membrane, Cj is the 
concentration on side 1, and C 2 is the concentration on 
side 2. The polarity of the voltage on side 1 in the above 
equation is + for negative ions and — for positive ions. 
This relationship is extremely important in under¬ 
standing the transmission of nerve impulses, for which 
reason it is discussed in even greater detail in Chap¬ 
ter 6. 


■ ACTIVE TRANSPORT 

From the discussion thus far, it is evident that no sub¬ 
stances can diffuse against an "electrochemicalgradient," 
which is the sum of all the diffusion forces acting at the 
membrane — the forces caused by concentration dif¬ 
ference, electrical difference, and pressure difference. 
That is, it is often said that substances cannot diffuse 
"uphill." 

Yet, at times a large concentration of a substance is 
required in the intracellular fluid even though the ex¬ 
tracellular fluid contains only a minute concentration. 
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This is true, for instance, for potassium ions. Con¬ 
versely, it is important to keep the concentrations of 
other ions very low inside the cell even though their 
concentrations in the extracellular fluid are very great. 
This is especially true for sodium ions. Obviously, nei¬ 
ther of these two effects could occur by the process of 
simple diffusion, for simple diffusion tends always to 
equilibrate the concentrations on the two sides of the 
membrane. Instead, some energy source must cause 
movement of potassium ions ''uphilT' to the inside of 
cells and cause movement of sodium ions also ''uphill" 
but in this instance to the outside of the cell. When a 
cell membrane moves molecules or ions uphill against 
a concentration gradient (or uphill against an electri¬ 
cal or pressure gradient), the process is called active 
transport. 

Among the different substances that are actively 
transported through cell membranes are sodium ions, 
potassium ions, calcium ions, iron ions, hydrogen ions, 
chloride ions, iodide ions, urate ions, several different 
sugars, and most of the amino acids. 

Primary Active Transport and Secondary Active 
Transport. Active transport is divided into two types 
according to the source of the energy used to cause the 
transport. These are called primary active transport and 
secondary active transport. In primary active transport, 
the energy is derived directly from the breakdown of 
adenosine triphosphate (ATP) or some other high-en- 
ergy phosphate compound. In secondary active trans¬ 
port, the energy is derived secondarily from ionic con¬ 
centration gradients that have been created in the first 
place by primary active transport. In both instances, 
transport depends on carrier proteins that penetrate 
through the membrane, the same as is true for facili¬ 
tated diffusion. However, in active transport, the car¬ 
rier protein functions differently from the carrier in 
facilitated diffusion, for it is capable of imparting en¬ 
ergy to the transported substance to move it against an 
electrochemical gradient. Let us give some examples of 
primary active transport and secondary active trans¬ 
port and explain their principles of function more 
fully. 


PRM3tARy ACTIVE TRAIVSPORT — THE 
SODWH-POTASSniH ^^PVHP** 

Among the substances that are transported by primary 
active transport are sodium, potassium, calcium, hy¬ 
drogen, chloride, and a few other ions. However, not 
all of these substances are transported by the mem¬ 
branes of all cells. Furthermore, some of the pumps 
function at intracellular membranes rather than (or in 
addition to) the surface membrane of the cell, such as 
at the membrane of the muscle sarcoplasmic reticulum 
or at one of the two membranes of the mitochondria. 
Nevertheless, they all operate by essentially the same 
basic mechanism. 

The active transport mechanism that has been stud¬ 
ied in greatest detail is the sodium-potassium pump, a 
transport process that pumps sodium ions outward 
through the cell membrane and at the same time 


Outside 

3-Na‘ 



Inside 

Fi^re 5 — 7. The postulated mechanism of the Na'*'-K'*‘ pump. 

pumps potassium ions from the outside to the inside. 
This pump is present in all cells of the body, and it is 
responsible for maintaining the sodium and potassium 
concentration differences across the cell membrane as 
well as for establishing a negative electrical potential 
inside the cells. Indeed, we see in the next chapter that 
this pump is the basis of nerve function to transmit 
nerve signals throughout the nervous system. 

Figure 5-7 illustrates the basic components of the 
Na‘*‘-K‘'' pump. The carrier protein is a complex of two 
separate globular proteins, a larger one with a molecu¬ 
lar weight of about 100,000 and a smaller one with a 
molecular weight of 55,000. Although the function of 
the smaller protein is not known, the larger protein has 
three specific features that are important for function 
of the pump: 

1. It has three receptor sites for binding sodium ions on 
the portion of the protein that protrudes to the interior 
of the cell. 

2. It has two receptor sites for potassium ions on the 
outside. 

3. The inside portion of this protein adjacent to or 
near to the sodium binding sites has ATPase activity. 

Now to put the pump into perspective: When three 
sodium ions bind on the inside of the carrier protein 
and two potassium ions on the outside, the ATPase 
function of the protein becomes activated. This then 
cleaves one molecule of ATP, splitting it to adenosine 
diphosphate (ADP) and liberating a high-energy 
phosphate bond of energy. This energy is then be¬ 
lieved to cause a conformational change in the protein 
carrier molecule, extruding the sodium ions to the out¬ 
side and the potassium ions to the inside. Unfortu¬ 
nately, the precise mechanism of the conformational 
change of the carrier is still to be discovered. 

The Electrogenic Nature of the Na‘''-K^ Pump. The 
fact that the Na'^-K'*' pump moves three sodium ions to 
the exterior for every two potassium ions to the interior 
means that a net of one positive charge is moved from 
the interior of the cell to the exterior for each revolution 
of the pump. This obviously creates positivity outside 
the cell but leaves a deficit of positive ions inside the 
cell; that is, it causes negativity on the inside. There¬ 
fore, the Na''‘-K'*' pump is said to be electrogenic be- 
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cause it creates an electrical potential across the cell 
membrane as it pumps. 

The Calcium Pump 

Another very important primary active transport 
mechanism is the calcium pump. Calcium ions are 
normally maintained at an extremely low concentra¬ 
tion in the intracellular cytosol, at a concentration 
about 10,000 times less than that in the extracellular 
fluid. This is achieved by two calcium pumps. One is in 
the cell membrane and pumps calcium to the outside 
of the cell. The other pumps calcium ions into one or 
more of the internal vesicular organelles of the cell, 
such as into the sarcoplasmic reticulum of muscle cells 
and into the mitochondria in all cells. In both in¬ 
stances, the carrier protein penetrates the membrane 
from side to side and also serves as an ATPase having 
the same capability to cleave ATP as the ATPase so¬ 
dium carrier protein. The difference is that this protein 
has a binding site for calcium instead of sodium. 


SECOXDARY ACTIVE TRANSPORT — 
CO-TRA\SPORT AAD COUXTER- 
TRAXSPORT 

When sodium ions are transported out of cells by pri¬ 
mary active transport, a very large concentration gra¬ 
dient of sodium usually develops — very high concen¬ 
tration outside the cell and very low concentration 
inside. This gradient represents a storehouse of energy 
because the excess sodium outside the cell membrane 
is always attempting to diffuse to the interior. Under 
the appropriate conditions, this diffusion energy of 
sodium can literally pull other substances along with 
the sodium through the cell membrane. This phenom¬ 
enon is called co-transport; it is one form of secondary 
active transport. 

For sodium to pull another substance along with it, a 
coupling mechanism is required. This is achieved by 
means of still another carrier protein in the cell mem¬ 
brane. The carrier in this instance serves as an attach¬ 
ment point for both the sodium ion and the substance 
to be co-transported. Once they both are attached, a 
conformational change occurs in the carrier protein, 
and the energy gradient of the sodium ion causes both 
the sodium ion and the other substance to be trans¬ 
ported together to the interior of the cell. 

In counter-transport, sodium ions again attempt to 
diffuse to the interior of the cell because of their large 
concentration gradient. However, this time, the sub¬ 
stance to be transported is on the inside of the cell and 
must be transported to the outside. Therefore, the so¬ 
dium ion binds to the carrier protein where it projects 
through the exterior surface of the membrane, while 
the substance to be counter-transported binds to the 
interior projection of the carrier protein. Once both 
have bound, a conformational change occurs again, 
with the sodium ion moving to the interior and thus 
causing the other substance to move to the exterior. 


Na^ Gl 



Fi^re 5 — 8. A postulated mechanism for sodium co-lransp)ort of 
glucose. 

Sodium Co-transport of Glucose, Amino Acids, 
and Chloride Ions. Glucose and many amino acids are 
transported into most cells against very large concen¬ 
tration gradients; the mechanism of this is entirely by 
the co-transport mechanism illustrated in Figure 5-8. 
Note that the transport carrier protein has two binding 
sites on its exterior side, one for sodium and one for 
glucose. Also, the concentration of sodium ions is very 
high on the outside and very low inside, which pro¬ 
vides the energy for the transport. A special property 
of the transport protein is that the conformational 
change to allow sodium movement to the interior will 
not occur until a glucose molecule also attaches. But 
when they are both attached, the conformational 
change takes place automatically, and both the sodium 
and the glucose are transported to the inside of the cell 
at the same time. Hence, this is a sodium-glucose co¬ 
transport mechanism. 

Sodium co-transport of the amino acids occurs in the 
same manner as for glucose except that it uses a differ¬ 
ent set of transport proteins. 

Two other important co-transport mechanisms are 
(1) a sodium-potassium-two chloride co-transporter that 
allows two chloride ions to be carried into cells along 
with one sodium and one potassium ion, all moving in 
the same direction, and (2) a potassium-chloride co¬ 
transporter that allows potassium and chloride ions to 
be transported from inside cells to the exterior to¬ 
gether. Still other co-transport mechanisms into at 
least some cells include co-transport of iodine ions, 
iron ions, and urate ions. 
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Membrane Potentials and 
Aetion Potentials 


Electrical potentials exist across the membranes of es¬ 
sentially all cells of the body, and some cells, such as 
nerve and muscle cells, are ''excitable" — that is, capa¬ 
ble of self-generation of electrochemical impulses at 
their membranes and, in most instances, employment 
of these impulses to transmit signals along the mem¬ 
branes. In still other types of cells, such as glandular 
cells, macrophages, and ciliated cells, other types of 
changes in membrane potentials probably play signifi¬ 
cant roles in controlling many of the cell's functions. 
However, the present discussion is concerned with 
membrane potentials generated both at rest and dur¬ 
ing action by nerve and muscle cells. 


■ BASIC PHYSICS OF 

MEMBRAi\E POTEIVTIALS 

ME3IBRAj\E POTEiXTIALS CAUSED BY 
DIFFUSWX 

Figure 6 -1A and B illustrates a nerve fiber when there 
is no active transport of either sodium or potassium 
ions. In Figure 6-1 A, the potassium concentration is 
very great inside the membrane, whereas that outside 
is very low. Let us also assume that the membrane in 
this instance is very permeable to the potassium ions 
but not to any other ions. Because of the large potas¬ 
sium concentration gradient from the inside toward 
the outside, there is a strong tendency for potassium 
ions to diffuse outward. As they do so, they carry posi¬ 
tive charges to the outside, thus creating a state of 
electropositivity outside the membrane and electro¬ 
negativity on the inside because of the negative anions 
that remain behind, which do not diffuse outward 
along with the potassium. This new potential differ¬ 
ence repels the positively charged potassium ions in a 
backward direction from the outside to the inside. 
Within a millisecond or so, the potential change be¬ 


comes great enough to block further net diffusion of 
potassium ions to the exterior despite the high potas¬ 
sium ion concentration gradient. In the normal large 
mammalian nerve fiber, the potential difference re¬ 
quired is about 94 mV, with negativity inside the fiber 
membrane. 

Figure 6-IB illustrates the same phenomenon as 
that in Figure 6 - lA but this time with a high concen¬ 
tration of sodium ions outside the membrane and a low 
sodium concentration inside. These ions are also posi¬ 
tively charged, and this time the membrane is highly 
permeable to the sodium ions but impermeable to all 
other ions. Diffusion of the sodium ions to the inside 
creates a membrane potential now of opposite polar¬ 
ity, with negativity outside and positivity inside. 
Again, the membrane potential rises high enough 
within milliseconds to block further net diffusion of 
the sodium ions to the inside; however, this time, for 
the large mammalian nerve fiber, the potential is about 
61 mV and with positivity inside the fiber. 

Thus, in both parts of Figure 6-1 we see that a 
concentration difference of ions across a selectively 
permeable membrane can, under appropriate condi¬ 
tions, cause the creation of a membrane potential. In 
later sections of this chapter, we see that many of the 
rapid changes in membrane potentials observed dur¬ 
ing the course of nerve and muscle impulse transmis¬ 
sion result from the occurrence of rapidly changing 
diffusion potentials of this nature. 

Relationship of the Diffusion Potential to the 
Concentration Difference—The Nernst Equation. 
The potential level across the membrane that will ex¬ 
actly prevent net diffusion of an ion in either direction 
through the membrane is called the Nemst potential for 
that ion. The magnitude of this potential is determined 
by the ratio of the ion concentrations on the two sides 
of the membrane — the greater this ratio, the greater 
the tendency for the ions to diffuse in one direction, 
and therefore the greater is the Nemst potential. The 
following equation, called the Nemst equation, can be 
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Figure 6 — 1. A, Establishment of a diffusion potential across a 
cell membrane, caused by potassium ions diffusing from inside 
the cell to the outside through a membrane that is selectively 
permeable only to potassium. B, Establishment of a diffusion po¬ 
tential when the membrane is permeable only to sodium ions. 
Note that the internal membrane potential is negative when potas¬ 
sium ions diffuse and positive when sodium ions diffuse because 
of opposite concentration gradients of these two ions. 


used to calculate the Nemst potential for any univalent 
ion at normal body temperature of 37“C: 


EMF (millivolts) = ±61 log 


Cone, inside 
Cone, outside 


When using this formula, it is assumed that the poten¬ 
tial outside the membrane always remains at exactly 
zero potential, and the Nemst potential that is calcu¬ 
lated is the potential inside the membrane. Also, the 
sign of the potential is positive (+) when the ion under 
consideration is a negative ion and negative (—) when 
it is a positive ion. 

Thus, when the concentration of a positive ion (po¬ 
tassium ions, for instance) on the inside is 10 times that 
on the outside, the log of 10 is 1, so that the Nemst 
potential calculates to be —61 mV inside the mem¬ 
brane. 


Now, let us study the importance and the meaning 
of this equation. First, sodium, potassium, and chloride 
ions are the ions most importantly involved in the de¬ 
velopment of membrane potentials in nerve and mus¬ 
cle fibers as well as in the neuronal cells in the central 
nervous system. The concentration gradient of each of 
these ions across the membrane helps determine the 
voltage of the membrane potential. 

Second, the degree of importance of each of the ions 
in determining the voltage is proportional to the mem¬ 
brane permeability for that particular ion. Thus, if the 
membrane is impermeable to both potassium and 
chloride ions, the membrane potential becomes en¬ 
tirely dominated by the concentration gradient of so¬ 
dium ions alone, and the resulting potential will be 
exactly equal to the Nernst potential for sodium. The 
same principle holds for each of the other two ions if 
the membrane should become selectively permeable 
for either one of them alone. 

Third, a positive ion concentration gradient from 
inside the membrane to the outside causes electronega¬ 
tivity inside the membrane. The reason for this is that 
positive ions diffuse to the outside when their concen¬ 
tration is higher inside than outside. This carries posi¬ 
tive charges to the outside but leaves the nondiffusible 
negative anions on the inside. Exactly the opposite 
effect occurs when there is a negative ion gradient. 
That is, a chloride ion gradient from the outside to the 
inside causes negativity inside the cell because nega¬ 
tively charged chloride ions then diffuse to the inside, 
while leaving the positive ions on the outside. 

Fourth, we see later that the permeabilities of the 
sodium and potassium channels undergo very rapid 
changes during conduction of the nerve impulse, 
whereas the permeability of the chloride channels 
does not change greatly during this process. Therefore, 
the changes in the sodium and potassium permeabili¬ 
ties are primarily responsible for signal transmission in 
the nerves, which is the subject of most of the re¬ 
mainder of this chapter. 


Calculation of the Diffusion Potential 
When the Membrane is Permeable to 
Several Different ions 

When a membrane is permeable to several different 
ions, the diffusion potential that develops depends on 
three factors: (1) the polarity of the electrical charge of 
each ion, (2) the permeability of the membrane (P) to 
each ion, and (3) the concentrations (O of the respec¬ 
tive ions on the inside (i) and outside (o) of the mem¬ 
brane. Thus, the following formula, called the Gold¬ 
man equation, or the Goldman-Hodgkin-Katz equation, 
gives the calculated membrane potential on the inside 
of the membrane when two univalent positive ions, 
sodium (Na"^) and potassium (K"^), and one univalent 
negative ion, chloride (Cl“), are involved. 

EMF (millivolts) = 

— 61 • tQp- 

^Na+o^Na+ Q" 


Measuring the Membrane Potential 

The method for measuring the membrane potential is simple 
in theory but often very difficult in practice because of the 
small sizes of many of the fibers Figure 6-2 illustrates a 
small pipette, filled with a very strong electrolyte solution 
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Figure 6 — 2. Measurement of the membrane potential of the 
nerve fiber using a microelectrode. 
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(KCl), that is impaled through the cell membrane to the inte¬ 
rior of the fiber. Then another electrode, called the "indiffer¬ 
ent electrode/' is placed in the interstitial fluids, and the 
potential difference between the inside and outside of the 
fiber is measured using an appropriate voltmeter. This is a 
highly sophisticated electronic apparatus that is capable of 
measuring very small voltages despite extremely high resist¬ 
ance to electrical flow through the tip of the micropipette, 
which has a diameter usually less than 1 /im and a resistance 
often as great as a billion ohms. For recording rapid changes 
in the membrane potential during the transmission of nerve 
impulses, the microelectrode is connected to an oscilloscope, 
as explained later in the chapter. 


The Cell .Membrane as an 
Electrical Capacitor 

In each of the figures shown thus far, the negative and posi¬ 
tive ionic charges that cause the membrane potential have 
been shown to be lined up against the membrane, and we 
have not spoken of the arrangement of the charges else¬ 
where in the fluids, either inside the nerve fiber or on the 
outside in the interstitial fluid. However, Figure 6-3 illus¬ 
trates this, showing that everywhere except adjacent to the 
surfaces of the cell membrane itself, the negative and posi¬ 
tive charges are exactly equal. This is called the principle of 
electrical neutrality; that is, for every positive ion there is a 
negative ion nearby to neutralize it, or otherwise electrical 
potentials of billions of volts would appear within the fluids. 

When positive charges are pumped to the outside of the 
membrane, these positive charges line up along the outside 
of the membrane, and on the inside the anions line up that 
have been left behind. This creates a dipole layer of positive 
and negative charges between the outside and inside of the 
membrane, but it still leaves equal numbers of negative and 
positive charges everywhere else within the fluids. This is 
the same effect that occurs when the plates of an electrical 
capacitor become electrically charged—that is, lining up of 
negative and positive charges on the opposite sides of the 
dielectric membrane of the capacitor. Therefore, the lipid 
bilayer of the cell membrane actually functions as a dielectric 



Figure 6 — 3. Distribution of positiv^ely and negatively charged 
ions in the interstitial fluid surrounding a nerv^e fiber and in the 
fluid inside the fiber; note the dipolar alignment of negative 
charges along the inside surface of the membrane and positive 
charges along the outside surface. In the lower panel are illus¬ 
trated the abrupt changes in membrane potential that occur at the 
membranes on the two sides of the fiber. 


of a cell membrane capacitor, much as mica, paper, and 
Mylar function as dielectrics in electrical capacitors. 

Because of the extreme thinness of the cell membrane 
(only 7 to 10 nm), its capacitance is tremendous for its area — 
about 1 /if/cm^. 

The lower part of Figure 6-3 illustrates the electrical po¬ 
tential that will be recorded at each point in or near the nerve 
fiber membrane, beginning at the left side of the figure and 
passing to the right. As long as the electrode is outside the 
nerve membrane, the potential that is recorded is zero, 
which is the potential of the extracellular fluid. Then, as the 
recording electrode passes through the electrical dipole layer 
at the cell membrane, the potential decreases immediately to 
— 90 mV. Again, the electrical potential remains at a steady 
level as the electrode passes across the interior of the fiber 
but reverses back to zero the instant it passes through the 
opposite side of the membrane. 

The fact that the nerve membrane functions as a capacitor 
has one especially important point of significance: To create 
a negative potential inside the membrane, only enough posi¬ 
tive ions must be transported outward to develop the electri¬ 
cal dipole layer at the membrane itself. All the remaining 
ions inside the nerve fiber can still be both positive and 
negative ions. Therefore, an incredibly small number of ions 
needs to be transferred through the membrane to establish 
the normal potential of —90 mV inside the nerve fiber — 
only about Vs.ooo.ooo to Vioo,ooo.ooo of the total positive charges 
inside the fiber need be so transferred. Also, an equally small 
number of positive ions moving from outside to the inside of 
the fiber can reverse the potential from —90 mV to as much 
as -|-35 mV within as little as Vio,ooo of a second. This rapid 
shifting of ions in this manner causes the nerve signals that 
we discuss in the subsequent sections of this chapter. 


■ THE RESTIIVG MEMBRAIVE 
POTEIVTIAL OF IVERVES 

The membrane potential of large nerve fibers when 
they are not transnnitting nerve signals is about “90 
mV. That is, the potential inside the fiber is 90 mV more 
negative than the potential in the interstitial fluid on 
the outside of the fiber. In the next few paragraphs, we 
explain all the factors that determine the level of this 
potential, but before doing so we must describe the 
transport properties of the resting nerve membrane for 
sodium and potassium. 

Active Transport of Sodium and Potassium Ions 
Through the Membrane — The Sodium-Potassium 
Pump. First, let us recall from the discussions of the 
previous chapter that all cell membranes of the body 
have a powerful sodium-potassium pump and that 
this continually pumps sodium to the outside of the 
fiber and potassium to the inside. Further, let us re¬ 
member that this is an electrogenic pump because more 
positive charges are pumped to the outside than to the 
inside (three Na**" ions to the outside for each two K"*" 
ions to the inside), leaving a net deficit of positive ions 
on the inside; this is the same as causing a negative 
charge inside the cell membrane. 

This sodium-potassium pump also causes the tre¬ 
mendous concentration gradients for sodium and po¬ 
tassium across the resting nerve membrane. These 
gradients are the following: 
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Na*^ (outside): 
Na*’’ (inside): 

K**" (outside): 
K'*' (inside): 


142 mEq/L 
14 mEq/L 

4 mEq/L 
140 mEq/L 


The ratios of these two respective ions from the in¬ 
side to the outside are 



( 94 mV) 


inside/^^ outside 
K^inside/K^outside = 35.0 

Leakage of Potassium and Sodium Through the 
Nerve Membrane. To the right in Figure 6-4 is illus¬ 
trated a channel protein in the cell membrane, through 
which potassium and sodium ions can leak, called a 
potassium-sodium "leak" channel There are actually 
multiple different proteins of this type with different 
leak characteristics. However, the emphasis is on po¬ 
tassium leakage because on the average the channels 
are far more permeable to potassium than to sodium, 
normally about 100 times as permeable. We see later 
that this differential in permeability is exceedingly im¬ 
portant in determining the level of the normal resting 
membrane potential. 


OMUGtiX OF THE ^OR3iAL RESTING 
HEAWRAiXE POTEIVTIAL 

Figure 6-5 illustrates the important factors in the es¬ 
tablishment of the normal resting membrane potential 
of —90 mV. These are as follows: 

Contribution of the Potassium Diffusion Poten¬ 
tial. In Figure 6 - 5 A, we make the assumption that the 
only movement of ions through the membrane is the 
diffusion of potassium ions, as illustrated by the open 
channels between the potassium inside the membrane 
and the outside. Because of the high ratio of potassium 
ions inside to outside, 35 to 1, the Nemst potential 
corresponding to this ratio is —94 mV, for the loga¬ 
rithm of 35 is 1.54, and this times — 61 mV is — 94 mV. 
Therefore, if potassium ions were the only factor caus¬ 
ing the resting potential, this resting potential would 
also be equal to —94 mV, as illustrated in the figure. 


Outside 



K -Na ‘ 

Na * -K pump ‘leak ’ channels 

Fi^re 6 — 4. The functional characteristics of the \a‘*“-K‘*‘ pump 
and also of the potassium-sodium “leak ” channels. 
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Figure 6-5. Establishment of resting membrane potentials in 
nerve fibers under three separate conditions: A, when the mem¬ 
brane potential is caused entirely by potassium diffusion alone; 
B, when the membrane potential is caused by diffusion of both 
sodium and potassium ions; and C, when the membrane potential 
is caused by diffusion of both sodium and potassium ions plus 
pumping of both these ions by the \a^-K^ pump. 


Contribution of Sodium Diffusion Through the 
Nerve Membrane. Figure 6-5B illustrates the addi¬ 
tion of very slight permeability of the nerve membrane 
to sodium ions, caused by the minute diffusion of the 
sodium ions through the K'^'-Na'*' leak channels. The 
ratio of sodium ions from inside to outside the mem¬ 
brane is 0.1, and this gives a calculated Nemst poten¬ 
tial for the inside of the membrane of +61 mV. But 
also shown in Figure 6-5B is the Nernst potential for 
potassium diffusion of —94 mV. How do these inter¬ 
act with each other, and what will be the summated 
potential? This can be answered by using the Goldman 
equation described earlier. However, intuitively, one 
can see that if the membrane is highly permeable to 
potassium but only very slightly permeable to sodium, 
it is logical that the diffusion of potassium will contrib¬ 
ute far more to the membrane potential than will the 
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diffusion of sodium. In the normal nerve fiber, the 
permeability of the membrane to potassium is about 
100 times as great as to sodium. Using this value in the 
Goldman equation gives an internal membrane poten¬ 
tial of —86 mV, as shown to the right in the figure. 

Contribution of the Na“^-K“^ Pump. Finally, in Fig¬ 
ure 6-5C an additional contribution of the Na'^’-K'^ 
pump is illustrated. In this figure, there is continuous 
pumping of three sodium ions to the outside for each 
two potassium ions pumped to the inside of the mem¬ 
brane. The fact that more sodium ions are being 
pumped to the outside than potassium to the inside 
causes a continual loss of positive charges from inside 
the membrane; this creates an additional degree of 
negativity (about —4 mV additional) on the inside 
beyond that which can be accounted for by diffusion 
alone. Therefore, as illustrated in Figure 6-5C, the net 
membrane potential with all these factors operative at 
the same time is —90 mV. 

In summary, the diffusion potentials alone caused 
by potassium and sodium diffusion would give a 
membrane potential of approximately —86 mV, al¬ 
most all of this being determined by potassium diffu¬ 
sion. Then, an additional — 4 mV is contributed to the 
membrane potential by the electrogenic Na'^-K'*' 
pump, giving a net resting membrane potential of 
-90 mV. 

The resting membrane potential in large skeletal 
muscle fibers is approximately the same as that in large 
nerve fibers, also —90 mV. However, in both small 
nerve fibers and small muscle fibers — smooth muscle, 
for instance—as well as in many of the neurons of the 
central nervous system, the membrane potential is 
often as little as —40 to — 60 mV instead of —90 mV. 


■ THE IVERVE ACTIOIV 
POTENTIAL 

Nerve signals are transmitted by action potentials, 
which are rapid changes in the membrane potential. 
Each action potential begins with a sudden change 
from the normal resting negative potential to a positive 
membrane potential and then ends with an almost 
equally rapid change back again to the negative poten¬ 
tial. To conduct a nerve signal, the action potential 
moves along the nerve fiber until it comes to the fiber's 
end. The upper panel of Figure 6-6 shows the distur¬ 
bances that occur at the membrane during the action 
potential, with transfer of positive charges to the inte¬ 
rior of the fiber at its onset and return of positive 
charges to the exterior at its end. The lower panel illus¬ 
trates graphically the successive changes in the mem¬ 
brane potential over a few 10,000ths of a second, illus¬ 
trating the explosive onset of the action potential and 
the almost equally as rapid recovery. 

The successive stages of the action potential are as 
follows: 

Resting Stage. This is the resting membrane poten¬ 
tial before the action potential occurs. The membrane 
is said to be "polarized" during this stage because of 




Milliseconds 


Figure 6-6. A typical action potential recorded by the method 
illustrated in the upper panel of the figure. 

the very large negative membrane potential that is 
present. 

Depolarization Stage. At this time, the membrane 
suddenly becomes very permeable to sodium ions, al¬ 
lowing tremendous numbers of sodium ions to flow to 
the interior of the axon. The normal "polarized" state 
of —90 mV is lost, with the potential rising rapidly in 
the positive direction. This is called depolarization. In 
large nerve fibers, the membrane potential actually 
"overshoots" beyond the zero level and becomes 
somewhat positive, but in some smaller fibers as well 
as many central nervous system neurons, the potential 
merely approaches the zero level and does not over¬ 
shoot to the positive state. 

Repolarization Stage. Within a few 10,000ths of a 
second after the membrane becomes highly permeable 
to sodium ions, the sodium channels begin to close, 
and the potassium channels open more than normally. 
Then, rapid diffusion of potassium ions to the exterior 
re-establishes the normal negative resting membrane 
potential. This is called repolarization of the mem¬ 
brane. 

To explain more fully the factors that cause both the 
depolarization and the repolarization processes, we 
need now to describe the special characteristics of yet 
two other types of transport channels through the 
nerve membrane: the \\)ltage-gated sodium and po¬ 
tassium channels. 


THE VOLTAGE-GATED SODHJM AIVD 
POTASSWH CHAIM^ELS 

The necessary factor causing both depolarization and 
repolarization of the nerve membrane during the ac¬ 
tion potential is the voltage-gated sodium channel. 
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However, the voltage-gated potassium channel also 
plays an important role in increasing the rapidity of 
repolarization of the membrane. These two voltage¬ 
gated channels are in addition to the Na'^-K'^ pump and 
also in addition to the Na'^-K^ leak channels. 


The Voltage’Gated Sodium Channel — 
Activation^* and ** Inactivation** of the 
Channel 


The upper panel of Figure 6-7 illustrates the voltage¬ 
gated sodium channel in three separate states. This 
channel has two gates, one near the outside of the 
channel called the activation gate and another near the 
inside called the inactivation gate. To the left is shown 
the state of these two gates in the normal resting mem¬ 
brane when the membrane potential is —90 mV. In 
this state, the activation gate is closed, which prevents 
any entry of sodium ions to the interior of the fiber 
through these sodium channels. On the other hand, 
the inactivation gate is open and does not at this time 
constitute any barrier to the movement of the sodium 
ions. 

Activation of the Sodium Channel. When the 
membrane potential becomes less negative than dur¬ 
ing the resting state, rising from —90 mV toward zero, 
it finally reaches a voltage, usually somewhere be¬ 
tween — 70 and — 50 mV, that causes a sudden confor¬ 
mational change in the activation gate, flipping it to the 
open position. This is called the activated state; during 
this state, sodium ions can literally pour inward 
through the channel, increasing the sodium perme- 


Outside 


Activation + 



Na 



Activated 
( - 90 to - 35 mV) 


Na 



Inactivated 
(-90 to +35 mV, 
delayed) 




Resting Slow activation 
Inside (“90 mV) (-90 to-35 mV) 

Figure 6 — 7. Characteristics of the voltage-gated sodium and 
potcissium channels, showing both activation and inactivation of 
the sodium channels but activation of the potassium channels 
only when the membrane potential is changed from the normal 
resting negative value to a positive value. 


ability of the membrane as much as 500-fold to 5000- 
fold. 

Inactivation of the Sodium Channel. To the far 
right in the upper panel of Figure 6-7 is illustrated a 
third state of the sodium channel. The same increase in 
voltage that opens the activation gate also closes the 
inactivation gate. However, closure of the inactivation 
gate occurs a few 10,000ths of a second after the acti¬ 
vation gate opens. That is, the conformational change 
that flips the inactivation gate to the closed state is a 
slower process, whereas the conformational change 
that opens the activation gate is a very rapid process. 
Therefore, after the sodium channel has remained 
open for a few 10,000ths of a second, it closes, and 
sodium ions can no longer pour to the inside of the 
membrane. At this point the membrane potential 
begins to recover back toward the resting membrane 
state, which is the repolarization process. 

A very important characteristic of the sodium chan¬ 
nel inactivation process is that the inactivation gate will 
not reopen again until the membrane potential returns 
either to or nearly to the original resting membrane poten¬ 
tial level Therefore, it is not possible for the sodium 
channels to open again without the nerve fiber first 
repolarizing. 

The Voliage-Gated Potassium Channels 
and Their Activation 

The lower panel of Figure 6-7 illustrates the voltage¬ 
gated potassium channel in two separate states: during 
the resting state and toward the end of the action po¬ 
tential. During the resting state, the gate of the potas¬ 
sium channel is closed, as illustrated to the left in the 
figure, and potassium ions are prevented from passing 
through this channel to the exterior. When the mem¬ 
brane potential rises from —90 mV toward zero, this 
voltage change causes a slow conformational opening 
of the gate and allows increased potassium diffusion 
outward through the channel. However, because of 
the slowness of opening of these potassium channels, 
they mainly open just at the same time that the sodium 
channels are beginning to become inactivated and 
therefore are closing. Thus, the decrease in sodium 
entry to the cell and simultaneous increase in potas¬ 
sium exit from the cell greatly speeds the repolariza¬ 
tion process, leading within a few 10,000ths of a sec¬ 
ond to full recovery of the resting membrane potential. 

The Research Method for Measuring the Effect of Volt¬ 
age on Opening and Closing of the Voltage-Gated 
Channels — The ''Voltage Clamp." The original research 
that led to our quantitative understanding of the sodium and 
potassium channels was so ingenious that it led to Nobel 
prizes for the scientists responsible, Hodgkin and Huxley. 
The essence of these studies is illustrated in Figures 6-8 and 
6-9. 

Figure 6-8 illustrates the experimental apparatus called 
the voltage clamp, which is used to measure the flow of ions 
through the different channels. In using this apparatus, two 
electrodes are inserted into the nerve fiber. One of these is for 
the purpose of measuring the voltage of the membrane po¬ 
tential. The other is to conduct electrical current either into or 
out of the nerv^e fiber. This apparatus is used in the following 
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Figure 6 — 8. The "voltage clamp” method for studying flow of 
ions through specific channels. 

way: The investigator decides what voltage he or she wishes 
to establish inside the nerve fiber. He or she then adjusts the 
electronic portion of the apparatus to the desired voltage, 
and this automatically injects either positive or negative elec¬ 
tricity through the current electrode at whatever rate is re¬ 
quired to hold the voltage, as measured by the voltage elec¬ 
trode, at the level set by the operator. For instance, when the 
membrane potential is suddenly increased by this voltage 
clamp from —90 mV to zero, the voltage-gated sodium and 
potassium channels open, and sodium and potassium ions 
begin to pour through the channels. To counterbalance the 
effect of these ion movements on the set potential, electrical 
current is injected automatically through the current elec¬ 
trode of the voltage clamp to maintain the intracellular volt¬ 
age at the zero level. To achieve this, the current injected 
must be exactly equal to but of opposite polarity to the net 
current flow through the membrane channels. To measure 
how much current flow is occurring at each instant, the cur¬ 
rent electrode is connected to an oscilloscope that records the 
current flow, as illustrated on the screen of the oscilloscope 
in the figure. Finally, the investigator adjusts the concentra¬ 
tions of the ions to desired levels both inside and outside the 
nerve fiber and repeats the study. This can be done very 
easily when using very large nerve fibers removed from 
some crustaceans, especially the giant squid axon that is 
sometimes as large as 1 mm in diameter. When sodium is the 
only permeant ion in the solutions inside and outside the 
squid axon, the voltage clamp measures current flow only 



Figure 6 — 9. Typical changes in conductance of sodium and 
potassium ion channels when the membrane potential is sud¬ 
denly increased from the normal resting value of — 90 mV' to a 
positive value of +10 mV' for 2 msec. This figure illustrates that the 
sodium channels open (activate) and then close (inactivate) before 
the end of the 2 msec, whereas the potassium channels only open 
(activate). 


through the sodium channels. When potassium is the only 
permeant ion, current flow only through the potassium 
channels is measured. 

Another means for studying the flow of ions through indi¬ 
vidual channels is to block one type of channel at a time. For 
instance, the sodium channels can be blocked by a toxin 
called letrodotoxin by applying this toxin to the outside of the 
cell membrane where the sodium activation gates are lo¬ 
cated. Conversely, tetraethylammonium ion blocks the potas¬ 
sium pores when it is applied to the interior of the nerve 
fiber. 

Figure 6-9 illustrates the typical changes in conductance 
of the voltage-gated sodium and potassium channels when 
the membrane potential is suddenly changed by use of the 
voltage clamp from —90 mV to +10 mV and 2 msec later 
back again to —90 mV. Note the sudden opening of the 
sodium channels (the activation stage) within a very small 
fraction of a millisecond after the membrane potential is 
increased to the positive value. However, during approxi¬ 
mately the next rnillisecond or so, the sodium channels auto¬ 
matically close (the inactivation stage). 

Now, note the opening (activation) of the potassium chan¬ 
nels. These open slowly and reach the full open state only 
after the sodium channels have already become almost com¬ 
pletely closed. Furthermore, once the potassium channels 
open, they remain open for the entire duration of the positive 
membrane potential and do not close again until after the 
membrane potential is decreased back to a very negative 
value. 

Finally, let us recall that the voltage-gated channels nor¬ 
mally flip to the open state or the closed state very suddenly, 
which was illustrated in Figure 5-5 in the previous chapter. 
Therefore, how is it that the curves in Figure 6-9 are so 
smooth? The answer is that these curves represent the flow 
of sodium and potassium ions through literally thousands of 
channels at the same time. Some open at one voltage level, 
others at another voltage, and so forth. Likewise, some be¬ 
come inactivated at different points in the cycle from the 
others. Thus, the illustrated curves represent summated cur¬ 
rent flows through the many channels. 


SUMMARY OF THE EVEiYTS THAT 
CAUSE THE ACTWiX POTEiXTIAL 

Figure 6-10 illustrates in summary form the sequen¬ 
tial events that occur during and shortly after the ac¬ 
tion potential. These are as follows: 

At the bottom of the figure are shown the changes in 
membrane conductances for sodium and potassium 
ions. During the resting state, before the action poten¬ 
tial begins, the conductance for potassium ions is 
shown to be 50 to 100 times as great as the conduct¬ 
ance for sodium ions. This is caused by much greater 
leakage of potassium ions than sodium ions through 
the leak channels. However, at the onset of the action 
potential, the sodium channels instantaneously be¬ 
come activated and allow an up to 5000-fold increase 
in sodium conductance. Then the inactivation process 
closes the sodium channels within another few frac¬ 
tions of a millisecond. The onset of the action potential 
also causes voltage gating of the potassium channels, 
causing them to begin opening a fraction of a millisec¬ 
ond after the sodium channels open. And at the end of 
the action potential, the return of the membrane po- 
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Fi^re 6-10. Changes in sodium and potassium conductances 
during the course of the action potential. Note that sodium con¬ 
ductance increases several thousandfold during the early stages 
of the action potential, whereas potassium conductance increases 
only about 30-fold during the latter stages of the action potential 
and for a short period thereafter. (Curves constructed from data in 
Hodgkin and Huxley papers but transposed from squid axon to 
apply to the membrane potentials of large mammalian ner\'e 
fibers.) 


tential to the negative state causes the potassium chan¬ 
nels to close back to their original status, but again only 
after a short delay. 

In the middle portion of Figure 6-10 is shown the 
ratio of sodium conductance to potassium conduct¬ 
ance at each instant during the action potential, and 
above this is shown the action potential itself. During 
the early portion of the action potential, this ratio in¬ 
creases more than a thousandfold. Therefore, far more 
sodium ions now flow to the interior of the fiber than 
do potassium ions to the exterior. This is what causes 
the membrane potential to become positive. Then the 
sodium channels begin to become inactivated, and at 
the same time the potassium channels open, so that the 
ratio of conductance now shifts far in favor of high 
potassium conductance but low sodium conductance. 
This allows extremely rapid loss of potassium ions to 
the exterior, while essentially no sodium ions flow to 
the interior. Consequently, the action potential quickly 
returns to its baseline level. 


The **Positive*^ Afterpotential 

Note also in Figure 6-10 that the membrane potential be¬ 
comes even more negative than the original resting mem¬ 
brane potential for a few milliseconds after the action poten¬ 
tial is over. Strangely enough, this is called the "positive" 
afterpotential, which is a misnomer because the positive af¬ 
terpotential is actually even more negative than the resting 
potential. The reason for calling it "positive" is that, histori¬ 
cally, the first potential measurements were made on the 
outside of the nerve fiber membrane rather than inside, and 
when measured on the outside this potential causes a posi¬ 
tive record on the recording meter rather than a negative one. 

The cause of the positive afterpotential is mainly that 
many potassium channels remain open for several millisec¬ 
onds after the repolarization process of the membrane is 
complete. This allow's excess potassium ions to diffuse out of 
the nerve fiber, leaving an extra deficit of positive ions on the 
inside, which means more negativity. 


ROLES OF OTHER IO\S DVRI\G THE 
ACTIOiX POTEiXTIAL 

Thus far, we have considered only the roles of sodium and 
potassium ions in the generation of the action potential. 
However, at least three other types of ions must be consid¬ 
ered. These are as follows: 

The Impermeant Negatively Charged Ions (Anions) In¬ 
side the Axon. Inside the axon are many negativ'ely charged 
ions that cannot go through the membrane channels. These 
include protein molecules, many organic phosphate com¬ 
pounds, sulfate compounds, and so forth. Because these 
cannot leave the interior of the axon, any deficit of positive 
ions inside the membrane leaves an excess of the imper¬ 
meant negativ^e ions. Therefore, these impermeant negativ^e 
ions are responsible for the negative charge inside the fiber 
when there is a deficit of the positively charged potassium 
ions and other positive ions. 

Calcium Ions. The cell membranes of almost all, if not all, 
cells of the body have a calcium pump similar to the sodium 
pump. Like the sodium pump, this device pumps calcium 
ions from the interior to the exterior of the cell membrane (or 
into the endoplasmic reticulum), creating a calcium ion gra¬ 
dient of about 10,000-fold, leaving an internal concentration 
of calcium ions of about 10“^ M in contrast to an external 
concentration of about 10”^ M. 

In addition, there are also voltage-gated calcium channels. 
These channels are slightly permeable to sodium ions as well 
as to calcium ions; when they open, both calcium and so¬ 
dium ions flow to the interior of the fiber. Therefore, these 
channels are sometimes also called Ca'^-Na'^ channels. The 
calcium channels are v^ery slow to become activ'ated, requir¬ 
ing 10 to 20 times as long for activation as the sodium chan¬ 
nels. Therefore, they are also frequently called slow channels, 
in contrast to the sodium channels that are called fast chan- 
nets. 

Calcium channels are very numerous in both cardiac mus¬ 
cle and smooth muscle. In fact, in some t\q?es of smooth 
muscle, the fast sodium channels are hardly present at all, so 
the action potentials then are caused almost entirely by acti¬ 
vation of the slow calcium channels. 

Increased Permeability of the Sodium Channels When 
There Is a Deficit of Calcium Ions. The concentration of 
calcium ions in the interstitial fluid also has a profound effect 
on the voltage level at which the sodium channels become 
activated. When there is a deficit of calcium ions, the sodium 
channels are achvated (opened) by ver\' little increase of the 
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membrane potential above the normal resting level. There¬ 
fore, the nerve fiber becomes highly excitable, sometimes 
discharging repetitively without any provocation rather than 
remaining in the resting state. In fact, the calcium ion con¬ 
centration needs to fall only 30 to 50 per cent below normal 
before spontaneous discharge occurs in many peripheral 
nerves, often causing muscle 'Tetany” that can actually be 
lethal because of tetanic contraction of the respiratory mus¬ 
cles. 

The probable way in which calcium ions affect the sodium 
channels is the following: These ions appear to bind to the 
exterior surfaces of the sodium channel protein molecule. 
The positive charges of these calcium ions, in turn, alter the 
electrical state of the channel protein itself, in this way in¬ 
creasing the voltage level required to open the gate. 

Chloride Ions. Chloride ions leak through the resting 
membrane in the same way that small quantities of potas¬ 
sium and sodium ions leak through. In the usual nerve fiber, 
the rate of chloride diffusion through the membrane is about 
one half as great as the diffusion of potassium ions. There¬ 
fore, the question must be asked: Why have we not consid¬ 
ered the chloride ions in our explanation of the action poten¬ 
tial? The answer is that the chloride ions function passively 
in this process. Also, the permeability of the chloride leak 
channels does not change significantly during the action po¬ 
tential. 

In the normal resting state of the nerve fiber, the —90 mV 
inside the fiber repels most of the chloride ions from the 
fiber. Therefore, the concentration of chloride ions inside the 
fiber is only 3 to 4 mEq/L, whereas the concentration outside 
the fiber is about 103 mEq/L. The Nemst potential for this 
ratio of chloride ions is exactly equal to the —90 mV mem¬ 
brane potential, which is what one would expect for an ion 
that is not actively pumped. 

During the action potential, small quantities of chloride 
ions do diffuse into the nerve fiber because of the temporary 
loss of the internal negativity. This movement of chloride 
ions serves to alter slightly the timing of the successive volt¬ 
age changes during the action potential, but it does not alter 
the fundamental process. 


liMTIATlOX OF THE ACTIOX 
POTENTIAL 

Up to this point, we have explained the changing so¬ 
dium and potassium permeabilities of the membrane 
as well as the development of the action potential it¬ 
self, but we have not explained what initiates the ac¬ 
tion potential. The answer to this, as follows, is really 
quite simple: 

A Positive Feedback Opens the Sodium Chan¬ 
nels. First, as long as the membrane of the nerve fiber 
remains totally undisturbed, no action potential occurs 
in the normal nerve. However, if any event at all 
causes enough initial rise in the membrane potential 
from —90 mV up toward the zero level, the rising 
voltage itself will cause many voltage-gated sodium 
channels to begin opening. This allows rapid inflow of 
sodium ions, which causes still further rise of the 
membrane potential, thus opening still more voltage¬ 
gated sodium channels and more streaming of sodium 
ions to the interior of the fiber. Obviously, this process 
is a positive-feedback vicious circle that, once the 
feedback is strong enough, will continue until all the 


voltage-gated sodium channels have become totally 
activated (opened). Then, within another fraction of a 
millisecond, the rising membrane potential causes be¬ 
ginning inactivation of the sodium channels as well as 
opening of potassium channels, and the action poten¬ 
tial soon terminates. 

Threshold for Initiation of the Action Potential. 
An action potential will not occur until the initial rise in 
membrane potential is great enough to create the vi¬ 
cious circle described in the last paragraph. Usually, a 
sudden rise in membrane potential of 15 to 30 mV is 
required. Therefore, a sudden increase in the mem¬ 
brane potential in a large nerve fiber of from —90 mV 
up to about — 65 mV will usually cause the explosive 
development of the action potential. This level of — 65 
mV, therefore, is said to be the threshold for stimula¬ 
tion. 

Accommodation of the Membrane — Failure to Fire De¬ 
spite Rising Voltage. If the membrane potential rises very 
slowly—over many milliseconds instead of a fraction of a 
millisecond—the slow, inactivating gates of the sodium 
channels will have time to close at the same time that the 
activating gates are opening. Consequently, the opening of 
the activating gates will not be as effective in increasing the 
flow of sodium ions as normally. Therefore, a slow increase 
in the internal potential of a nerve fiber either requires a 
higher threshold voltage than normal to cause firing or pre¬ 
vents firing entirely at times, even with a voltage rise all the 
way to zero or even to positive voltage. This phenomenon is 
called accommodation of the membrane to the stimulus. 

■ PROPAGATIOIV OF THE 
ACTIOIV POTENTIAL 

In the preceding paragraphs we have discussed the 
action potential as it occurs at one spot on the mem¬ 
brane. However, an action potential elicited at any one 
point on an excitable membrane usually excites adja¬ 
cent portions of the membrane, resulting in propaga¬ 
tion of the action potential. The mechanism of this is 
illustrated in Figure 6-11. Figure 6 -11A shows a nor¬ 
mal resting nerve fiber, and Figure 6-1 IB shows a 
nerve fiber that has been excited in its midportion 
— that is, the midportion has suddenly developed in¬ 
creased permeability to sodium. The arrows illustrate a 
"local circuit" of current flow between the depolarized 
areas of the membrane and the adjacent resting mem¬ 
brane areas; positive electrical charges carried by the 
inward diffusing sodium ions flow inward through the 
depolarized membrane and then for several milli¬ 
meters along the core of the axon. These positive 
charges increase the voltage for a distance of 1 to 3 mm 
inside large fibers to above the threshold voltage value 
for initiating an action potential. Therefore, the so¬ 
dium channels in these new areas immediately acti¬ 
vate, and, as illustrated in Figure 6-11C and D, the 
explosive action potential spreads. Then these newly 
depolarized areas cause local circuits of current flow 
still further along the membrane, causing progres¬ 
sively more and more depolarization. Thus, the depo¬ 
larization process travels along the entire extent of the 
fiber. The transmission of the depolarization process 
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Figure 6 - H . Propagation of action potentials in both directions 
along a conductive fiber. 


along a nerv^e or muscle fiber is called a nerve or muscle 
impulse. 

Direction of Propagation. It is obvious, as illus¬ 
trated in Figure 6-11, that an excitable membrane has 
no single direction of propagation, but that the action 
potential can travel in both directions away from the 
stimulus — and even along all branches of a nerve 
fiber—until the entire membrane has become depo¬ 
larized. 

The All-or-Nothing Principle. It is equally obvious 
that, once an action potential has been elicited at any 
point on the membrane of a normal fiber, the depolari¬ 
zation process will travel over the entire membrane if 
conditions are right, or it might not travel at all if con¬ 
ditions are not right. This is called the all-or-nothing 
principle, and it applies to all normal excitable tissues. 
Occasionally, though, the action potential will reach a 
point on the membrane at which it does not generate 
sufficient voltage to stimulate the next area of the 
membrane. When this occurs, the spread of depolari¬ 
zation stops. Therefore, for continued propagation of 
an impulse to occur, the ratio of action potential to 
threshold for excitation must at all times be greater 
than 1. This is called the safety factor for propagation. 


■ RE-ESTABLISHIi\G SODIUM 
Ai\D POTASSIUM lOMC 
GRADIEiVTS AFTER ACTION 
POTEiVTIALS — 

IMPORTAiVCE OF EiVERGV 
METAROLISM 

Transmission of each impulse along the nerve fiber 
reduces infinitesimally the concentration differences 
of sodium and potassium between the inside and out¬ 



Figure 6-12. Heat production in a ner\'e fiber at rest and at 
progressively increasing rates of stimulation. 


side of the membrane because of diffusion of sodium 
ions to the inside during depolarization and diffusion 
of potassium ions to the outside during repolarization. 
For a single action potential, this effect is so minute 
that it cannot be measured. Indeed, 100,000 to 
50,000,000 impulses can be transmitted by nerv^e 
fibers, the number depending on the size of the fiber 
and several other factors, before the concentration dif¬ 
ferences have run down to the point that action poten¬ 
tial conduction ceases. Yet, even so, with time it be¬ 
comes necessar}^ to re-establish the sodium and 
potassium membrane concentration differences. This 
is achieved by the action of the Na'^-K'^ pump in ex¬ 
actly the same way as that described earlier in the 
chapter for original establishment of the resting poten¬ 
tial. That is, the sodium ions that have diffused to the 
interior of the cell during the action potentials and the 
potassium ions that have diffused to the exterior are 
returned to their original state by the Na'‘'-K'*' pump. 
Since this pump requires energy for operation, this 
process of "'recharging" the nerve fiber is an active 
metabolic one, using energy derived from the adeno¬ 
sine triphosphate energy system of the cell. Figure 
6-12 shows that the nerve fiber produces excess heat, 
which is a measure of its energy expenditure, when the 
impulse frequency increases. 

A special feature of the sodium-potassium ATPase 
pump is that its degree of activity is strongly stimulated 
when excess sodium ions accumulate inside the cell 
membrane. In fact, the pumping activity increases ap¬ 
proximately in proportion to the third power of the 
sodium concentration. That is, as the internal sodium 
concentration rises from 10 to 20 mEq/L, the activity 
of the pump does not merely double but instead in¬ 
creases approximately eightfold. Therefore, it can eas¬ 
ily be understood how the "recharging" process of the 
nerve fiber can rapidly be set into motion whenever 
the concentration differences of sodium and potas¬ 
sium ions across the membrane begin to "run down." 


■ PLATEAU Ii\ SOME ACTIO\ 
POTENTIALS 

In some instances the excitable membrane does not 
repolarize immediately after depolarization, but, in- 
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Figure 6-13. An action potential from a Purkinje fiber of the 
heart, shouing a “plateau.” 


Stead, the potential remains on a plateau near the peak 
of the spike for many milliseconds before repolariza¬ 
tion begins. Such a plateau is illustrated in Figure 
6-13; one can readily see that the plateau greatly pro¬ 
longs the period of depolarization. This type of action 
potential occurs in heart muscle fibers, where the pla¬ 
teau lasts for as long as two to three tenths of a second 
and causes contraction of the heart muscle also to last 
for this same long period of time. 

The cause of the plateau is a combination of several 
different factors. First, in heart muscle, two separate 
types of channels enter into the depolarization process: 
(1) the usual voltage-activated sodium channels, called 
fast channels, and (2) voltage-activated calcium chan¬ 
nels, which are slow to be activated and therefore are 
called slow channels — these channels allow diffusion 
mainly of calcium ions but of some sodium ions as 
well. Activation of the fast channels causes the spike 
portion of the action potential, whereas the slow but 
prolonged activation of the slow channels is mainly 
responsible for the plateau portion of the action poten¬ 
tial. 

A second factor partly responsible for the plateau is 
that the voltage-gated potassium channels are slow to 
be activated in some instances, often not opening until 
the very end of the plateau. This delays the return of 
the membrane potential toward the resting value. But, 
then, this opening of the potassium channels at the 
same time that the slow channels begin to close causes 
rapid return of the action potential from its plateau 
level back to the negative resting level, accounting for 
the rapid downslope at the end of the action potential. 

■ RHVTHMICITV OF CERTAIN 
EXCITABLE TISSUES — 
REPETITIVE DISCHARGE 

Repetitive self-induced discharges, or rhythmicity, 
occur normally in the heart, in most smooth muscle, 
and in many of the neurons of the central nervous 


system. It is these rhythmical discharges that cause the 
heart rhythm, that cause peristalsis, and that cause 
such neuronal events as the rhythmical control of 
breathing. 

Also, all other excitable tissues can discharge repeti¬ 
tively if the threshold for stimulation is reduced low 
enough. For instance, even nerve fibers and skeletal 
muscle fibers, which normally are highly stable, dis¬ 
charge repetitively when they are placed in a solution 
containing the drug veratrine or when the calcium ion 
concentration falls below a critical value. 

The Re-excitation Process Necessary for Rhyth¬ 
micity. For rhythmicity to occur, the membrane, even 
in its natural state, must already be permeable enough 
to sodium ions (or to calcium and sodium ions through 
the slow calcium channels) to allow automatic mem¬ 
brane depolarization. Thus, Figure 6-14 shows that 
the 'Testing'' membrane potential is only — 60 to — 70 
mV. This is not enough negative voltage to keep the 
sodium and calcium channels closed. That is, (1) so¬ 
dium and calcium ions flow inward, (2) this further 
increases the membrane permeability, (3) still more 
ions flow inward, (4) the permeability increases more, 
and so forth, thus eliciting the regenerative process of 
sodium and calcium channel openings until an action 
potential is generated. Then, at the end of the action 
potential, the membrane repolarizes. But shortly 
thereafter, the depolarization process begins again, 
and a new action potential occurs spontaneously. This 
cycle continues again and again and causes self- 
induced rhythmical excitation of the excitable tissue. 

Yet, why does the membrane not depolarize imme¬ 
diately after it has become repolarized rather than de- 
lapng for nearly a second before the onset of the next 
action potential? The answer to this can be found by 
referring back to Figure 6-10, which shows that 
toward the end of all action potentials, and continuing 
for a short period thereafter, the membrane becomes 
excessively permeable to potassium. The excessive 
outflow of potassium ions carries tremendous num¬ 
bers of positive charges to the outside of the mem¬ 
brane, creating inside the fiber considerably more neg¬ 
ativity than would otherwise occur for a short period 
after the preceding action potential is over, thus draw¬ 
ing the membrane potential nearer to the potassium 



Figure 6 — 14. Rhythmic action potentials similar to those re¬ 
corded in the rhythmical control center of the heart. Note their 
relationship to potassium conductance and to the state of hv^DCr- 
polarization. 
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Nemst potential. This is a state called hyperpolariza¬ 
tion, which is illustrated in Figure 6 -14. As long as this 
state exists, re-excitation will not occur; but gradually 
the excess potassium conductance (and the state of 
hyperpolarization) disappears, as shown in the figure, 
thereby allowing the membrane potential to increase 
until it reaches the threshold for excitation; then sud¬ 
denly a new action potential results, the process occur¬ 
ring again and again. 

■ SPECIAL ASPECTS OF SIGIVAL 

TRA1\SMISSI01\ IIV 1\ERVE TRCIVKS 

Myelinated and Unmyelinated Nerve Fibers. Figure 
6-15 illustrates a cross-section of a typical small nerve trunk, 
showing many large nerve fibers that compose most of the 
cross-sectional area. However, look very carefully and you 
will see many more small fibers lying between the large ones. 
The large fibers are myelinated, and the small ones are unmy¬ 
elinated. The average nerve trunk contains about twice as 
many unmyelinated fibers as myelinated fibers. 

Figure 6-16 illustrates a typical myelinated fiber. The cen¬ 
tral core of the fiber is the axon, and the membrane of the 
axon is the actual conductive membrane. The axon is filled in 
its center with axoplasm, which is a viscid intracellular fluid. 
Surrounding the axon is a myelin sheath that is often thicker 
than the axon itself, and about once every 1 to 3 mm along 
the length of the axon the myelin sheath is interrupted by a 
node of Ranvier. 

The myelin sheath is deposited around the axon by 
Schwann cells in the following manner: The membrane of a 
Schwann cell first envelops the axon. Then the cell rotates 
around the axon many times, laying down multiple layers of 
cellular membrane containing the lipid substance sphingo¬ 
myelin. This substance is an excellent insulator that decreases 
the ion flow through the membrane approximately 5000- 


fold and also decreases the membrane capacitance as much 
as 50-fold. However, at the juncture between each two suc¬ 
cessive Schwann cells along the axon, a small, uninsulated 
area remains, only 2 to 3 pm in length, where ions can still 
flow with ease between the extracellular fluid and the axon. 
This area is the node of Ranvier. 

''Saltatory" Conduction in Myelinated Fibers from 
Node to Node. Even though ions cannot flow significantly 
through the thick myelin sheaths of myelinated nerves, they 
can flow with considerable ease through the nodes of Ran¬ 
vier. Therefore, action potentials can occur only at the nodes. 
Yet, the action potentials are conducted from node to node, 
as illustrated in Figure 6-17; this is called saltatory conduc¬ 
tion. That is, electrical current flows through the surrounding 
extracellular fluids and also through the axoplasm from node 
to node, exciting successive nodes one after another. Thus, 
the nerve impulse jumps down the fiber, which is the origin 
of the term "saltatory." 

Saltatory conduction is of value for two reasons. First, by 
causing the depolarization process to jump long intervals 
along the axis of the nerve fiber, this mechanism increases 
the velocity of nerve transmission in myelinated fibers as 
much as 5-fold to 50-fold. Second, saltatory conduction con¬ 
serves energy for the axon, for only the nodes depolarize, 
allowing perhaps a hundred times smaller loss of ions than 
would otherwise be necessary and therefore requiring little 
extra metabolism for re-establishing the sodium and potas¬ 
sium concentration differences across the membrane after a 
series of nerve impulses. 

Still another feature of saltatory conduction in large myeli¬ 
nated fibers is the following: The excellent insulation af¬ 
forded by the myelin membrane and the 50-fold decrease in 
membrane capacitance allows the repolarization process to 
occur with very little transfer of ions. Therefore, at the end of 
the action potential when the sodium channels begin to 
close, repolarization occurs so rapidly that the potassium 
channels usually have not yet begun to open significantly. 
Therefore, conduction of the nerve impulse in the myeli- 



Flgure 6- 15. Cross-section of a small nerve trunk 
containing myelinated and immyelinatetl fibers. 
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nated nerve fiber is accomplished almost entirely by the se¬ 
quential changes in the voltage-gated sodium channels, with 
very little contribution by the potassium channels. 


l ELOCITV OF COXDVCTiOy 
l\ \ER\ E FIBERS 

The velocity of conduction in nerve fibers varies from as little 
as 0.5 m/sec in very small unmyelinated fibers to as high as 
100 m/sec (the length of a football field in 1 sec) in very large 
myelinated fibers. The velocity increases approximately with 
the fiber diameter in myelinated nerve fibers and approxi- 
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Figure 6—17. Saltatory conduction along a myelinated axon. 


Figure 6—16. Function of the Schwann cell to insulate nerve 
fibers. A, The wrapping of a Schwann cell membrane around a 
large axon to form the mv'elin sheath of the myelinated nerve 
fiber. (Modified from Leeson and Leeson: Histology. Philadel¬ 
phia, VV. B. Saunders Company, 1979.) B, Evagination of the 
membrane and cytoplasm of a Schwann cell around multiple 
unmyelinated nerv e fibers. 

mately with the square root of fiber diameter in unmyeli¬ 
nated fibers. 


■ EXCITATION — THE PROCESS OF 
ELICITING THE ACTION POTENTIAL 

Basically, any factor that causes sodium ions to begin to dif¬ 
fuse inward through the membrane in sufficient numbers 
will set off the automatic, regenerative opening of the so¬ 
dium channels. This can result from simple mechanical dis¬ 
turbance of the membrane, chemical effects on the mem¬ 
brane, or passage of electricity through the membrane. All 
these are used at different points in the body to elicit nerve or 
muscle action potentials: mechanical pressure to excite sen¬ 
sory nerve endings in the skin, chemical neurotransmitters to 
transmit signals from one neuron to the next in the brain, and 
electrical current to transmit signals between muscle cells in 
the heart and intestine. For the purpose of understanding the 
excitation process, let us begin by discussing the principles of 
electrical stimulation. 

Excitation of a Nerve Fiber by a Negatively Charged 
Metal Electrode. The usual means for exciting a nerve or 
muscle in the experimental laboratory is to apply electricity 
at the nerve or muscle surface through two small electrodes, 
one of which is negatively charged and the other positively 
charged. When this is done, one finds that the excitable 
membrane becomes stimulated at the negative electrode. 

The cause of these effects is the following; Remember that 
the action potential is initiated by the opening of voltage¬ 
gated sodium channels. Furthermore, these channels are 
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opened by a decrease in the electrical voltage across the 
membrane. The negative current from the negative electrode 
reduces the voltage immediately outside the membrane, 
drawing this voltage nearer to the voltage of the negative 
membrane potential inside the fiber. This decreases the elec¬ 
trical voltage across the membrane and allows activation of 
the sodium channels, thus resulting in an action potential. 
Conversely, at the anode, the injection of positive charges on 
the outside of the nerve membrane heightens the voltage 
difference across the membrane rather than lessening it. And 
this causes a state of "hyperpolarization," which decreases 
the excitability of the fiber. 

Threshold for Excitation and "Acute Local Potentials." 
A weak electrical stimulus may not be able to excite a fiber. 
However, when the stimulus is progressively increased, 
there comes a point at which excitation does take place. Fig¬ 
ure 6-18 illustrates the effects of successively applied stim¬ 
uli of progressing strength. A very weak stimulus at point A 
causes the membrane potential to change from —90 to —85 
mV, but this is not sufficient change for the automatic regen¬ 
erative processes of the action potential to develop. At point 
B, the stimulus is greater, but, here again, the intensity still is 
not enough. Nevertheless, the stimulus does disturb the 
membrane potential locally for as long as a millisecond or 
more after both of these weak stimuli. These local potential 
changes are called acute local potentials, and when they fail to 
elicit an action potential, they are called acute subthreshold 
potentials. 

At point C in Figure 6-18, the stimulus is even stronger. 
Now the local potential has reached barely the level to elicit 
an action potential, called the threshold level, but this occurs 
only after a short "latent period." At point D, the stimulus is 
still stronger, the acute local potential is also stronger, and 
the action potential occurs after less of a latent period. 

Thus, this figure shows that even a very weak stimulus 
always causes a local potential change at the membrane, but 
the intensity of the local potential must rise to a threshold 
level before the action potential will be set off. 

The ** Refractory Period” During Which iVeir 
Stimuli Cannot Be Elicited 

A new action potential cannot occur in an excitable fiber as 
long as the membrane is still depolarized from the preceding 
action potential. The reason for this is that shortly after the 
action potential is initiated the sodium channels (or calcium 
channels, or both) become inactivated, and any amount of 
excitatory signal applied to these channels at this point will 
not open the inactivation gates. The only condition that will 



Figure 6—18. Effect of stimuli on the potential of the excitable 
membrane, showing the development of “acute subthreshold po¬ 
tentials” when the stimuli are below the threshold value required 
for eliciting an action potential. 


reopen them is for the membrane potential to return either to 
or almost to the original resting membrane potential level. 
Then, within another small fraction of a second, the inacti¬ 
vation gates of the channels open, and a new action potential 
can then be initiated. 

The period of time during which a second action potential 
cannot be elicited, even with a very strong stimulus, is called 
the absolute refractory period. This period for large myeli¬ 
nated nerve fibers is about V2500 sec. Therefore, one can read¬ 
ily calculate that such a fiber can carry a maximum of about 
2500 impulses/sec. 

Following the absolute refractory period is a relative refrac¬ 
tory period, lasting about one quarter to one half as long as the 
absolute period. During this time, stronger than normal stim¬ 
uli can excite the fiber. The cause of this relative refractori¬ 
ness is twofold: (1) During this time some of the sodium 
channels still have not been reversed from their inactivation 
state, and (2) the potassium channels are usually vsdde open 
at this time, causing a state of hyperpolarization that makes it 
more difficult to stimulate the fiber. 


ii\HiBiTiOi\ OF EXCITABiUTV — 

”STABiLMZERS” AXD LOCAL AAESTHETJCS 

In contrast to the factors that inaease nerve excitability, still 
others, called membrane-stabilizing factors, can decrease excit¬ 
ability. For instance, a high extracellular fluid calcium ion con¬ 
centration decreases the membrane permeability and simul¬ 
taneously reduces its excitability. Therefore, calcium ions are 
said to be a "stabilizer." Also, low potassium ion concentration 
in the extracellular fluids, because it has a direct effect of 
decreasing the permeability of the potassium channels, like¬ 
wise acts as a stabilizer and reduces membrane excitability. 
Indeed, in a hereditary disease known as familial periodic 
paralysis, the extracellular potassium ion concentration is 
often so much reduced that the person actually becomes 
paralyzed but reverts to normal instantly after intravenous 
administration of potassium. 

Local Anesthetics. Among the most important stabilizers 
are the many substances used clinically as local anesthetics, 
including procaine, tetracaine, and many other drugs. Most of 
these act directly on the activation gates of the sodium chan¬ 
nels, making it much more difficult for these gates to open 
and thereby reducing the membrane excitability. When the 
excitability has been reduced so low that the ratio of action 
potential strength to excitability threshold (called the "safety 
factor") is reduced below 1.0, a nerve impulse fails to pass 
through the anesthetized area. 


■ RECORDING lUEMBRAlV'E POTENTIALS 
AND ACTION POTENTIALS 

The Cathode Ray Oscilloscope. Earlier in this chapter we 
noted that the membrane potential changes occur very rap¬ 
idly throughout the course of an action potential. Indeed, 
most of the action potential complex of large nerve fibers 
takes place in less than Viooo sec. In some figures of this 
chapter an electrical meter has been shown recording these 
potential changes. However, it must be understood that any 
meter capable of recording them must be capable of re¬ 
sponding extremely rapidly. For practical purposes, the only 
common type of meter that is capable of responding accu¬ 
rately to the very rapid membrane potential changes is the 
cathode ray oscilloscope. 
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Figure 6-19 illustrates the basic components of a cathode 
ray oscilloscope. The cathode ray tube itself is composed 
basically of an electron gun and a fluorescent surface against 
which electrons are fired. Where the electrons hit the sur¬ 
face, the fluorescent material glows. If the electron beam is 
moved across the surface, the spot of glowing light also 
moves and draws a fluorescent line on the screen. 

In addition to the electron gun and fluorescent surface, the 
cathode ray tube is provided with two sets of electrically 
charged plates, one set positioned on either side of the elec¬ 
tron beam and the other set positioned above and below. 
Appropriate electronic control circuits change the voltage on 
these plates so that the electron beam can be bent up or down 
in response to electrical signals coming from recording elec¬ 
trodes on nerves. The beam of electrons is also swept hori¬ 
zontally across the screen at a constant rate. This gives the 
record illustrated on the face of the cathode ray tube, giving a 
time base horizontally and the voltage changes at the nerve 
electrodes vertically. Note at the left end of the record a small 
stimulus artifact caused by the electrical stimulus used to 
elicit the action potential. Then further to the right is the 
recorded action potential itself. 

Recording the Monophasic Action Potential. Through¬ 
out this chapter "monophasic” action potentials have been 
shown in the different diagrams. To record these, a micro¬ 
pipette electrode, illustrated earlier in the chapter in Figure 
6-2, is inserted into the interior of the fiber. Then, as the 
action potential spreads down the fiber, the changes in the 
potential inside the fiber are recorded, as illustrated earlier in 
the chapter in Figures 6-6, 6-10, and 6-13. 

Recording a Biphasic Action Potential. When one 
wishes to record impulses from a whole nerve trunk, it is not 
feasible to place electrodes inside the nerve fibers. Therefore, 
the usual method of recording is to place two electrodes on 
the outside of fibers. However, the record that is obtained is 
then biphasic for the following reasons: When an action po¬ 
tential moving down the nerve fiber reaches the first elec¬ 
trode, it becomes charged negatively, while the second elec¬ 
trode is still unaffected. This causes the oscilloscope to record 
in the negative direction. Then as the action potential pro¬ 
ceeds still farther down the nerve, there comes a point when 
the membrane beneath the first electrode becomes repolar¬ 
ized, while the second electrode is negative, and the oscillo¬ 
scope records in the opposite direction. Thus, a graphic 



Figure 6—19. The cathode ray oscilloscope for recording tran¬ 
sient action potentials. 



Figure 6 — 20. Recording of a biphasic action potential. 


record such as that illustrated in Figure 6-20 is recorded by 
the oscilloscope, showing a potential change first in one di¬ 
rection and then in the opposite direction. 
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Organization of the Central 
]%[ervous System^ Basic 
Functions of Synapses and 
Transmitter Substances 


The nervous system, along with the endocrine system, 
provides most of the control functions for the body. In 
general, the nervous system controls the rapid activi¬ 
ties of the body, such as muscular contractions, rapidly 
changing visceral events, and even the rates of secre¬ 
tion of some endocrine glands. The endocrine system, 
by contrast, regulates principally the metabolic func¬ 
tions of the body. 

The nervous system is unique in the vast complexity 
of the control actions that it can perform. It receives 
literally millions of bits of information from the differ¬ 
ent sensory organs and then integrates all these to de¬ 
termine the response to be made by the body. The 
purpose of this chapter is to present, first, a general 
outline of the overall mechanisms by which the ner¬ 
vous system performs such functions. Then we will 
discuss the function of central nervous system syn¬ 
apses, the basic structures that control the passage of 
signals into, through, and out of the nervous system. In 
succeeding chapters we will analyze in detail the func¬ 
tions of the individual parts of the nervous system. 
Before beginning this discussion, however, the reader 
should refer to Chapters 5, 6, and 25, which present, 
respectively, the principles of membrane potentials 
and transmission of signals in nerves and through neu¬ 
romuscular junctions. 

■ GENERAL DESIGIV OF THE 
CENTRAL IVERVOGS SYSTEM 

THE CENTRAL IVERVOVS SySTEH 
\EVROi\ — THE BASIC FViXCTWIVAL 
UIMIT 

The central nervous system is composed of more than 
100 billion neurons. Figure 7-1 illustrates a typical 


neuron of the type found in the cerebral motor cortex. 
The incoming information enters the cell almost en¬ 
tirely through synapses on the neuronal dendrites or 
cell body; there may be only a few hundred or as many 
as 200,000 such synaptic connections from the input 
fibers. On the other hand, the output signal travels by 
way of a single axon, but this axon gives off many 
separate branches to other parts of the brain, the spinal 
cord, or the peripheral body. These terminals then 
provide synapses with the next order of neurons or 
with muscle cells or secretory cells. 

A special feature of most synapses is that the signal 
normally passes only in the forward direction except 
under rare conditions. This allows the signals to be 
conducted in the required directions for performing 
necessary nervous functions. We shall also see that the 
neurons are organized into a great multitude of neural 
networks that determine the functions of the nervous 
system. 

THE SE^SORy DIVISiOIM OF THE 
CENTRAL MERVOUS SVSTEH — 

SEIMSORV RECEPTORS 

Most activities of the nervous system are initiated by 
sensory experience emanating from sensory receptors, 
whether visual receptors, auditory receptors, tactile re¬ 
ceptors on the surface of the body, or other kinds of 
receptors. This sensory experience can cause an imme¬ 
diate reaction, or its memory can be stored in the brain 
for minutes, weeks, or years and then can help deter¬ 
mine the bodily reactions at some future date. 

Figure 7-2 illustrates a portion of the sensory sys¬ 
tem, the somatic portion, which transmits sensory in¬ 
formation from the receptors of the entire surface of 
the body and some deep structures. This information 

SS 
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Figure 7 - 1 . Structure of a large neuron of the brain, shoAving its 
important functional parts. 


enters the central nervous system through the spinal 
nerves and is conducted to multiple "'primary" sensory 
areas in (1) the spinal cord at all levels, (2) the reticular 
substance of the medulla, pons, and mesencephalon, 
(3) the cerebellum, (4) the thalamus, and (5) the som- 
esthetic areas of the cerebral cortex. But in addition to 
these primary sensory areas, signals are then relayed to 
essentially all other parts of the nervous system as 
well. 


THE MOTOR DiVISiO !^ — 

THE EFFECTORS 

The most important ultimate role of the nervous sys¬ 
tem is to control the various bodily activities. This is 
achieved by controlling (1) contraction of skeletal mus¬ 
cles throughout the body, (2) contraction of smooth 
muscle in the internal organs, and (3) secretion by both 
exocrine and endocrine glands in many parts of the 
body. These activities are collectively called motor 
functions of the nervous system, and the muscles and 
glands are called effectors, because they perform the 
functions dictated by the nerve signals. 



Figure 7 — 2. The somatic sensory axis of the central ner\’ous 
system. 


Figure 7-3 illustrates the motor axis of the nervous 
system for controlling skeletal muscle contraction. 
Operating parallel to this axis is another similar system 
for control of the smooth muscles and glands called the 
autonomic nervous system, which is presented in Chap¬ 
ter 22. Note in Figure 7-3 that the skeletal muscles can 
be controlled from many different levels of the central 
nervous system, including (1) the spinal cord, (2) the 
reticular substance of the medulla, pons, and mesen¬ 
cephalon, (3) the basal ganglia, (4) the cerebellum, and 
(5) the motor cortex. Each of these different areas plays 
its own specific role in the control of body movements, 
the lower regions being concerned primarily with au¬ 
tomatic, instantaneous responses of the body to sen¬ 
sory stimuli; and the higher regions, with deliberate 
movements controlled by the thought process of the 
cerebrum. 


PROCESSil^G OF MIMFORJRATIOIM — 
^TIMTEGtlATiVE^* FVIMCTIOIM OF THE 
CEAITRAL JMERVOm SySTEM 

The major function of the nervous system is to process 
incoming information in such a way that appropriate 
motor responses occur. More than 99 per cent of all 
sensory information is discarded by the brain as irrele- 
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-Motor area 



Fi^re 7 — 3. The motor axis of the central nervous system. 


vant and unimportant. For instance, one is ordinarily 
totally unaware of the parts of the body that are in 
contact with clothing and is also unaware of the seat 
pressure when sitting. Likewise, attention is drawn 
only to an occasional object in one's field of vision, and 
even the perpetual noise of our surroundings is usually 
relegated to the background. 

After the important sensory information has been 
selected, it is then channeled into proper motor regions 
of the brain to cause the desired responses. This chan¬ 
neling of information is called the integrative function 
of the nervous system. Thus, if a person places a hand 
on a hot stove, the desired response is to lift the hand. 
There are other associated responses, too, such as 
moving the entire body away from the stove and per¬ 
haps even shouting with pain. Yet even these re¬ 
sponses represent activity by only a small fraction of 
the total motor system of the body. 

Role of Synapses in Processing Information. The 
synapse is the junction point from one neuron to the 
next and, therefore, is an advantageous site for control 
of signal transmission. Later in this chapter we discuss 
the details of synaptic function. However, it is impor¬ 
tant to point out here that the synapses determine the 
directions that the nervous signals spread in the ner¬ 
vous system. Some synapses transmit signals from one 
neuron to the next with ease, and others transmit sig¬ 
nals only with difficulty. Also, facilitatory and inhibi¬ 
tory signals from other areas in the nervous system can 
control synaptic activity, sometimes opening the syn¬ 
apses for transmission and at other times closing them. 
In addition, some postsynaptic neurons respond with 
large numbers of impulses, and others respond with 


only a few. Thus, the synapses perform a selective 
action, often blocking the weak signals while allowing 
the strong signals to pass, often selecting and amplify¬ 
ing certain weak signals, and often channeling the sig¬ 
nals in many different directions, rather than simply in 
one direction. 


STORAGE OFMAFORRATW\ — RERORl 

Only a small fraction of the important sensory infor¬ 
mation causes an immediate motor response. Much of 
the remainder is stored for future control of motor 
activities and for use in the thinking processes. Most of 
this storage occurs in the cerebral cortex, but not all, for 
even the basal regions of the brain and perhaps even 
the spinal cord can store small amounts of information. 

The storage of information is the process we call 
memory, and this, too, is a function of the synapses. 
That is, each time certain types of sensory signals pass 
through sequences of synapses, these synapses be¬ 
come more capable of transmitting the same signals 
the next time, which process is caWed facilitation. After 
the sensory signals have passed through the synapses 
a large number of times, the synapses become so facili¬ 
tated that signals generated within the brain itself can 
also cause transmission of impulses through the same 
sequences of synapses even though the sensory input 
has not been excited. This gives the person a percep¬ 
tion of experiencing the original sensations, although 
in effect they are only memories of the sensations. 

Unfortunately, we do not know the precise mecha¬ 
nism by which facilitation of synapses occurs in the 
memory process, but what is known about this and 
other details of the memory process will be discussed 
in Chapter 19. 

Once memories have been stored in the nervous 
system, they become part of the processing mecha¬ 
nism. The thought processes of the brain compare new 
sensory experiences with the stored memories; the 
memories help to select the important new sensory 
information and to channel this into appropriate stor¬ 
age areas for future use or into motor areas to cause 
bodily responses. 

■ THE THREE MAJOR LEVELS 
OF CENTRAL AERVOLS 
SYSTEM FL\CTIO\ 

The human nervous system has inherited specific 
characteristics from each stage of evolutionary devel¬ 
opment. From this heritage, three major levels of the 
central nervous system have specific functional attri¬ 
butes: (1) the spinal cord level; (2) the lower brain level; 
and (3) the higher brain or cortical level. 


THE SPFXAI. CORD LEVEL 

We often think of the spinal cord as being only a con¬ 
duit for signals from the periphery of the body to the 
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brain or in the opposite direction from the brain back to 
the body. However, this is far from the truth. Even 
after the spinal cord has been cut in the high neck 
region, many spinal cord functions still occur. For in¬ 
stance, neuronal circuits in the cord can cause (1) 
walking movements, (2) reflexes that withdraw por¬ 
tions of the body from objects, (3) reflexes that stiffen 
the legs to support the body against gravity, and (4) 
reflexes that control local blood vessels, gastrointesti¬ 
nal movements, and so forth, in addition to many 
other functions. 

In fact, the upper levels of the nervous system often 
operate not by sending signals directly to the periphery 
of the body but instead by sending signals to the con¬ 
trol centers of the cord, simply ''commanding"' the 
cord centers to perform their functions. 


THE LOWER BRAMiX LEVEL 

Many if not most of what we call subconscious activi¬ 
ties of the body are controlled in the lower areas of the 
brain — in the medulla, pons, mesencephalon, hypo¬ 
thalamus, thalamus, cerebellum, and basal ganglia. 
Subconscious control of arterial pressure and respira¬ 
tion is achieved mainly in the medulla and pons. Con¬ 
trol of equilibrium is a combined function of the older 
portions of the cerebellum and the reticular substance 
of the medulla, pons, and mesencephalon. Feeding 
reflexes, such as salivation in response to the taste of 
food and the licking of the lips, are controlled by areas 
in the medulla, pons, mesencephalon, amygdala, and 
hypothalamus; and many emotional patterns, such as 
anger, excitement, sexual activities, reaction to pain, or 
reaction of pleasure, can occur in animals without a 
cerebral cortex. 


THE HiGHER BRALX OR CORTICAL 
LEVEL 


scious functions originate and are executed entirely in 
the lower regions of the brain. But it is the cortex that 
opens the world up for one's mind. 

■ C0MPARI80\ OF THE CE\TRAL 
iVERVOLS SYSTEM WITH A\ 

ELECTROMC COMPLTER 

When electronic computers were first developed in many 
different laboratories of the world by as many different sci¬ 
entists, it soon became apparent that all these machines have 
many features in common with the nervous system. First, 
they all have input circuits that are comparable to the sen¬ 
sory portion of the nervous system and output circuits that 
are comparable to the motor portion of the nervous system. 
In the conducting pathway between the inputs and the out¬ 
puts are the mechanisms for performing the different types 
of computations. 

In simple computers, the output signals are controlled di¬ 
rectly by the input signals, operating in a manner similar to 
that of the simple reflexes of the spinal cord. However, in the 
more complex computers, the output is determined both by 
input signals and by information that has already been 
stored in memory in the computer, which is analogous to the 
more complex reflex and processing mechanisms of our 
higher nervous system. Furthermore, as the computers be¬ 
come even more complex, it is necessary to add still another 
unit, called the central programming unit, which determines 
the sequence of all operations. This unit is analogous to the 
mechanism in our brain that allows us to direct our attention 
first to one thought or sensation or motor activity, then to 
another, and so forth, until complex sequences of thought or 
action take place. 

Figure 7-4 is a simple block diagram of a modem com¬ 
puter. Even a rapid study of this diagram will demonstrate its 
similarity to the nervous system. The fact that the basic com¬ 
ponents of the general purpose computer are analogous to 
those of the human nervous system demonstrates that the 
brain is basically a computer that continuously collects sen¬ 
sory information and uses this along with stored information 
to compute the daily course of bodily activity. 


After recounting all the nervous system functions that 
can occur at the cord and lower brain levels, what is left 
for the cerebral cortex to do? The answer to this is a 
complex one, but it begins with the fact that the cere¬ 
bral cortex is an extremely large memory storehouse. 
The cortex never functions alone, but always in associ¬ 
ation with the lower centers of the nervous system. 

Without the cerebral cortex, the functions of the 
lower brain centers are often very imprecise. The vast 
storehouse of cortical information usually converts 
these functions to very determinative and precise 
operations. 

Finally, the cerebral cortex is essential for most of 
our thought processes even though it also cannot func¬ 
tion alone in this. In fact, it is the lower centers that 
cause wakefulness in the cerebral cortex, thus opening 
its bank of memories to the thinking machinery of the 
brain. 

Thus, each portion of the nervous system performs 
specific functions. Many integrative functions are well 
developed in the spinal cord, and many of the subcon¬ 


■ THE CEIVTRAL IVERVOES 
SYSTEM SYIVAPSES 

Every medical student is aware that information is 
transmitted in the central nervous system mainly in the 
form of nerve impulses through a succession of neu- 
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Fi^re 7 — 4. Block diagram of a general purpose electronic com¬ 
puter, showing the basic components and their interrelationships. 
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rons, one after another. However, it is not immediately 
apparent that each impulse (1) may be blocked in its 
transmission from one neuron to the next, (2) may be 
changed from a single impulse into repetitive im¬ 
pulses, or (3) may be integrated with impulses from 
other neurons to cause highly intricate patterns of im¬ 
pulses in successive neurons. All these functions can 
be classified as synaptic functions of neurons. 


TYPES OF SYi\APSES — CHEMICAL 
Aa\D ELECTMUCAL 

Nerve signals are transmitted from one neuron to the 
next through intemeuronal junctions called synapses. 
In the animal world there are basically two different 
types of synapses: (1) the chemical synapse and (2) the 
electrical synapse. 

Almost all the synapses utilized for signal transmis¬ 
sion in the central nervous system of the human being 
are chemical synapses. In these, the first neuron secretes 
a chemical substance called a neurotransmitter at the 
synapse, and this transmitter in turn acts on receptor 
proteins in the membrane of the next neuron to excite 
the neuron, to inhibit it, or to modify its sensitivity in 
some other way. Over 40 different transmitter sub¬ 
stances have been discovered thus far. Some of the 
best known are acetylcholine, norepinephrine, hista¬ 
mine, gamma-aminobutyric acid (GABA), and gluta¬ 
mate. 

Electrical synapses, on the other hand, are character¬ 
ized by direct channels that conduct electricity from 
one cell to the next. Most of these consist of small 
protein tubular structures called gap junctions that 
allow free movements of ions from the interior of one 
cell to the next. Only a few gap junctions have been 
found in the central nervous system, and their signifi¬ 
cance in general is not known. On the other hand, it is 
by way of gap junctions and other similar junctions 
that action potentials are transmitted from one smooth 
muscle fiber to the next in visceral smooth muscle 
(Chapter 25) and also from one cardiac muscle cell to 
the next in cardiac muscle (Chapter 26). 

One-Way Conduction Through Chemical Syn¬ 
apses. Chemical synapses have one exceedingly im¬ 
portant characteristic that makes them highly desir¬ 
able as the form of transmission of nervous system 
signals: they always transmit the signals in one 
direction — that is, from the neuron that secretes the 
transmitter, called the presynaptic neuron, to the 
neuron on which the transmitter acts, called the post- 
synaptic neuron. This is the principle of one-way con¬ 
duction through chemical synapses, and it is quite dif¬ 
ferent from conduction through electrical synapses 
that can transmit signals in either direction. 

Think for a moment about the extreme importance 
of the one-way conduction mechanism. It allows sig¬ 
nals to be directed toward specific goals. Indeed, it is 
this specific transmission of signals to discrete and 
highly focused areas in the nervous system that allows 
the nervous system to perform its myriad functions of 
sensation, motor control, memory, and many others. 


PHYSIOLOGIC AAATOMY OF THE 
SYiXAPSE 

Figure 7-5 illustrates a typical motor neuron in the 
anterior horn of the spinal cord. It is composed of three 
major parts: the soma, which is the main body of the 
neuron; a single axon, which extends from the soma 
into the peripheral nerve; and the dendrites, which are 
thin projections of the soma that extend up to 1 mm 
into the surrounding areas of the cord. 

Up to as many as 100,000 small knobs called presyn¬ 
aptic terminals lie on the surfaces of the dendrites and 
soma of the motor neuron, approximately 80 to 95 per 
cent of them on the dendrites and only 5 to 20 per cent 
on the soma. These terminals are the ends of nerve 
fibrils that originate in many other neurons; usually 
not more than a few of the terminals are derived from 
any single previous neuron. Later it will become evi¬ 
dent that many of these presynaptic terminals are ex¬ 
citatory and secrete a substance that excites the post- 
synaptic neuron, but many others are inhibitory and 
secrete a substance that inhibits the neuron. 

Neurons in other parts of the cord and brain differ 
markedly from the motor neuron in (1) the size of the 
cell body; (2) the length, size, and number of dendrites, 
ranging in length to as long as many centimeters; (3) 
the length and size of the axon; and (4) the number of 
presynaptic terminals, which may range from only a 
few to several hundred thousand. These differences 
make neurons in different parts of the nervous system 
react differently to incoming signals and therefore per¬ 
form different functions. 



Fijfure 7-5. A typical motor neuron, showing presynaptic t(*r- 
niinals on the neuronal soma and dendrites. .\’ote also the single 
axon. 
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The Presynaptic Terminals. Electron microscopic 
studies of the presynaptic terminals show that these 
have varied anatomical forms, but most resemble 
small round or oval knobs and therefore are frequently 
called terminal knobs, boutons, end-feet, or synaptic 
knobs. 

Figure 7-6 illustrates the basic structure of the pre¬ 
synaptic terminal. It is separated from the neuronal 
soma by a synaptic cleft having a width usually of 200 
to 300 A. The terminal has two internal structures im¬ 
portant to the excitatory or inhibitory functions of the 
synapse: the synaptic vesicles and the mitochondria. 
The synaptic vesicles contain transmitter substances 
that, when released into the synaptic cleft, either excite 
or inhibit the postsynaptic neuron — excite if the neu¬ 
ronal membrane contains excitatory receptors, inhibit if 
it contains inhibitory receptors. The mitochondria pro¬ 
vide adenosine triphosphate (ATP), which is required 
to synthesize new transmitter substance. 

When an action potential spreads over a presynaptic 
terminal, the membrane depolarization causes empty¬ 
ing of a small number of vesicles into the cleft; and the 
released transmitter in turn causes an immediate 
change in the permeability characteristics of the post¬ 
synaptic neuronal membrane, which leads to excita¬ 
tion or inhibition of the neuron, depending on its re¬ 
ceptor characteristics. 

Mechanism by Which Action Potentials 
Cause Transmitter Release at the 
Presimaptic Terminals — Role of 
Calcium Ions 

The synaptic membrane of the presynaptic terminals 
contains large numbers of voltage-gated calcium chan¬ 
nels. This is quite different from the other areas of the 
nerve fiber, which contain very few of these channels. 
When the action potential depolarizes the terminal, 
large numbers of calcium ions, along with the sodium 
ions that cause most of the action potential, flow into 
the terminal. The quantity of transmitter substance 
that is released into the synaptic cleft is directly related 
to the number of calcium ions that enter the terminal. 



Fi^re 7—6. Physiologic anatomy of the synapse. 


The precise mechanism by which the calcium ions 
cause this release is not known but is believed to be the 
following: 

When the calcium ions enter the synaptic terminal, it 
is believed that they bind with protein molecules on 
the inner surfaces of the synaptic membrane, called 
release sites. This in turn causes the transmitter vesicles 
in the local vicinity to bind also with the membrane 
and actually to fuse with it, and finally to open to the 
exterior by the process called exocytosis. Usually, a few 
vesicles release their transmitter into the cleft follow¬ 
ing each single action potential. For the vesicles that 
store the neurotransmitter acetylcholine, between 
2000 and 10,000 molecules of acetylcholine are 
present in each vesicle, and there are enough vesicles 
in the presynaptic terminal to transmit from a few hun¬ 
dred to more than 10,000 action potentials. 

Action of the Transmitter Substance on 
the Posts^maptic Neuron — The 
Function of Receptors 

At the synapse, the membrane of the postsynaptic 
neuron contains large numbers of receptor proteins, 
also illustrated in Figure 7-6. These receptors have 
two important components: (1) a binding component 
that protrudes outward from the membrane into the 
synaptic cleft — it binds with the neurotransmitter 
from the presynaptic terminal — and (2) an ionophore 
component that passes all the way through the mem¬ 
brane to the interior of the postsynaptic neuron. The 
ionophore in turn is one of two types: (1) a chemically 
activated ion channel or (2) an enzyme that activates an 
internal metabolic change inside the cell. 

The Ion Channels. The chemically activated ion 
channels (also called ligand-activated channels) are 
usually of three types: (1) sodium channels that allow 
mainly sodium ions (but some potassium ions as well) 
to pass through; (2) potassium channels that allow 
mainly potassium ions to pass; and (3) chloride chan¬ 
nels that allow chloride and a few other anions to pass. 
We learn later that opening the sodium channels ex¬ 
cites the postsynaptic neuron. Therefore, a transmitter 
substance that opens the sodium channels is called an 
excitatory transmitter. On the other hand, opening of 
potassium and chloride channels inhibits the neuron, 
and transmitters that open either or both of these are 
called inhibitory transmitters. 

The Enzyme Receptors. Activation of an enzymatic 
type of receptor causes other effects on the postsynap¬ 
tic neuron. One effect is to activate the metabolic ma¬ 
chinery of the cell, such as causing formation of cyclic 
adenosine monophosphate (AMP), which in turn ex¬ 
cites many other intracellular activities. Another is to 
activate cellular genes, which in turn manufacture ad¬ 
ditional receptors for the postsynaptic membrane. Still 
a third effect is to activate protein kinases, which de¬ 
crease the numbers of receptors. Changes such as 
these can alter the reactivity of the synapse for min¬ 
utes, days, months, or even years. Therefore, transmit¬ 
ter substances that cause such effects are sometimes 
called synaptic modulators. Recent experiments have 
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demonstrated that such modulators are important in at 
least some of the memory processes, which we discuss 
in Chapter 19. 

Excitatory and Inhibitory Receptors 

Some postsynaptic receptors, when activated, cause 
excitation of the postsynaptic neuron and others cause 
inhibition. The importance of having inhibitory as well 
as excitatory types of receptors is that this gives an 
additional dimension to nervous function, allowing 
restraint of nervous action as well as excitation. 

The different molecular and membrane mecha¬ 
nisms employed by the different receptors to cause 
excitation or inhibition include the following: 

Excitation 

1. Opening of sodium channels to allow large num¬ 
bers of positive electrical charges to flow to the interior 
of the postsynaptic cell. This raises the membrane po¬ 
tential in the positive direction up toward the thresh¬ 
old level for excitation. It is by far the most widely used 
means of causing excitation. 

2. Depressed conduction through potassium or 
chloride channels, or both. This decreases the diffu¬ 
sion of positively charged potassium ions out of the 
postsynaptic neuron or decreases the diffusion of neg¬ 
atively charged chloride ions to the inside. In either 
instance, the effect is to make the internal membrane 
potential more positive than normally, which is excit¬ 
atory. 

3. Various changes in the internal metabolism of the 
cell to excite cell activity, or in some instances increase 
in the number of excitatory membrane receptors or 
decrease in the number of inhibitory membrane recep¬ 
tors. 

Inhibition 

1. Opening of potassium ion channels through the 
receptor molecule. This allows rapid diffusion of posi¬ 
tively charged potassium ions from inside the postsyn¬ 
aptic neuron to the outside, thereby carrying positive 
charges outward and increasing the negativity inside, 
which is inhibitory. 

2. Increase in the conductance of chloride ions 
through the receptor. This allows negative chloride 
ions to diffuse to the interior, which is also inhibitory. 

3. Activation of receptor enzymes that inhibit cellu¬ 
lar metabolic functions or that increase the number of 
inhibitory synaptic receptors or decrease the number 
of excitatory receptors. 


CHEMICAL SVBSTAIVCES THAT 
FVi\CTIOi\ AS SWAPTIC 
TRANSMITTERS 

More than 40 different chemical substances have been 
proved or postulated to function as synaptic transmit¬ 
ters. Most of these are listed in Tables 7-1 and 7-2, 
which give two different groups of synaptic transmit¬ 
ters. One is composed of small-molecule, rapidly act- 


TABLE 7-1 Small-Molecule, Rapidly Acting 
Transmitters 

Class I 

Acetylcholine 
Class II: The Amines 
Xorepinephrine 
Epinephrine 
Dopamine 
Serotonin 
Histamine 

Class III: Amino Acids 

Gamma-aminobutyric acid (GABA) 

Glycine 

Glutamate 

Aspartate 


ing transmitters. The other comprises a large number 
of neuropeptides of much larger molecular size and 
much more slowly acting. 

The small-molecule, rapidly acting transmitters are 
the ones that cause most of the acute responses of the 
nervous system, such as transmission of sensory sig¬ 
nals to and inside the brain and motor signals back to 
the muscles. The neuropeptides, on the other hand, 
usually cause more prolonged actions, such as long¬ 
term changes in numbers of receptors, long-term clo¬ 
sure of certain ion channels, and possibly even long¬ 
term changes in numbers of synapses. 

The Small-Molecule, Rapidly Acting 
Transmitters 

Almost without exception, the small-molecule types of 
transmitters are synthesized in the cytosol of the pre- 

TABLE 7-Z Neuropeptide, Slowly Acting 
Transmitters 

A. Hypothalamic-releasing hormones 
Thyrotropin-releasing hormone 
Luteinizing hormone-releasing hormone 
Somatostatin (growth hormone-inhibitory factor) 

B. Pituitary peptides 
ACTH ' 

/?-Endorphin 

a-Melanocyte-stimulating hormone 
Prolactin 

Luteinizing hormone 
Thyrotropin 
Growth hormone 
V'asopressin 
Oxytocin 

C. Peptides that act on gut and brain 
Leucine enkephalin 
Methionine enkephalin 
Substance P 

Gastrin 

Cholecystokinin 

Vasoactive intestinal polypeptide (\ IP) 

N'eurotensin 

Insulin 

Glucagon 

D. From other tissues 
Angiotensin II 
Bradykinin 
Carnosine 

Sleep peptides 
Calcitonin 
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synaptic terminal and then are absorbed by active 
transport into the many transmitter vesicles in the ter¬ 
minal. Then, each time an action potential reaches the 
presynaptic terminal, a few vesicles at a time release 
their transmitter into the synaptic cleft, usually within 
a millisecond or less, by the mechanism described ear¬ 
lier. The subsequent action of the small-molecule type 
of transmitter on the postsynaptic membrane receptors 
usually also occurs within another millisecond or less. 
Most often the effect is to increase or decrease conduct¬ 
ance through ion channels; an example is to increase 
sodium conductance, which causes excitation, or to 
increase potassium or chloride conductance, which 
causes inhibition. However, occasionally the small- 
molecule types of transmitters can stimulate receptor- 
activated enzymes instead of opening ion channels, 
thus changing the internal metabolic machinery of the 
cell. 

Recycling of the Small-Molecule Types of Vesi¬ 
cles. The vesicles that store and release small-molecule 
transmitters are continually recycled, that is, used over 
and over again. After they fuse with the synaptic 
membrane and open to release their transmitters, the 
vesicle membrane at first simply becomes part of the 
synaptic membrane. However, within seconds to min¬ 
utes, the vesicle portion of the membrane invaginates 
back to the inside of the presynaptic terminal and 
pinches off to form a new vesicle. It still contains the 
appropriate transport proteins required for concen¬ 
trating new transmitter substance inside the vesicle. 

Acetylcholine is a typical small-molecule transmitter 
that obeys the above principles of synthesis and re¬ 
lease. It is synthesized in the presynaptic terminal from 
acetyl coenzyme A (acetyl-CoA) and choline in the 
presence of the enzyme choline acetyltransferase. Then 
it is transported into its specific vesicles. When the 
vesicles later release the acetylcholine into the synaptic 
cleft, the acetylcholine is rapidly split again to acetate 
and choline by the enzyme cholinesterase, which is 
bound to the proteoglycan reticulum that fills the 
space of the synaptic cleft. Then the vesicles are recy¬ 
cled, and choline also is actively transported back into 
the terminal to be used again for synthesis of new 
acetylcholine. 

Characteristics of Some of the More Important 
Small-Molecule Transmitters. The most important of 
the small-molecule transmitters are the following: 

Acetylcholine is secreted by neurons in many areas of 
the brain, but specifically by the large pyramidal cells 
of the motor cortex, by many different neurons in the 
basal ganglia, by the motor neurons that innervate the 
skeletal muscles, by the preganglionic neurons of 
the autonomic nervous system, by the postganglionic 
neurons of the parasympathetic nervous system, and 
by some of the postganglionic neurons of the sympa¬ 
thetic nervous system. In most instances acetylcholine 
has an excitatory effect; however, it is known to have 
inhibitory effects at some of the peripheral parasym¬ 
pathetic nerve endings, such as inhibition of the heart 
by the vagus nerves. 

Norepinephrine is secreted by many neurons whose 
cell bodies are located in the brain stem and hypothala¬ 


mus. Specifically, norepinephrine-secreting neurons 
located in the locus ceruleus in the pons send nerve 
fibers to widespread areas of the brain and help control 
the overall activity and mood of the mind. In most of 
these areas it probably activates excitatory receptors, 
but in a few areas, inhibitory receptors instead. Nor¬ 
epinephrine is also secreted by most of the postgangli¬ 
onic neurons of the sympathetic nervous system, 
where it excites some organs but inhibits others. 

Dopamine is secreted by neurons that originate in the 
substantia nigra. The termination of these neurons are 
mainly in the striatal region of the basal ganglia. The 
effect of dopamine is usually inhibition. 

Glycine is secreted mainly at synapses in the spinal 
cord. It probably always acts as an inhibitory trans¬ 
mitter. 

Gamma-aminobutyric acid (GABA) is secreted by 
nerve terminals in the spinal cord, the cerebellum, the 
basal ganglia, and many areas of the cortex. It is be¬ 
lieved always to cause inhibition. 

Glutamate is probably secreted by the presynaptic 
terminals in many of the sensory pathways as well as 
in many areas of the cortex. It probably always causes 
excitation. 

Serotonin is secreted by nuclei that originate in the 
median raphe of the brain stem and project to many 
brain areas, especially to the dorsal horns of the spinal 
cord and to the hypothalamus. Serotonin acts as an 
inhibitor of pain pathways in the cord, and it is also 
believed to help control the mood of the person, and 
perhaps even to cause sleep. 

The ]%europeptides 

The neuropeptides are an entirely different group of 
transmitters that are synthesized differently and 
whose actions are usually slow and in other ways quite 
different from those of the small-molecule transmit¬ 
ters. 

The neuropeptides are not synthesized in the cytosol 
of the presynaptic terminals. Instead, they are synthe¬ 
sized as integral parts of large protein molecules by the 
ribosomes in the neuronal cell body. The protein mole¬ 
cules are transported immediately into the endoplas¬ 
mic reticulum of the cell body, and the endoplasmic 
reticulum and subsequently the Golgi apparatus func¬ 
tion together to do two things: First, they enzymatic¬ 
ally split the original protein into smaller fragments 
and thereby release either the neuropeptide itself or a 
precursor of it. Second, the Golgi apparatus packages 
the neuropeptide into minute transmitter vesicles that 
are released into the cytoplasm. Then the transmitter 
vesicles are transported all the way to the tips of the 
nerve fibers by axonal streaming of the axon cytoplasm, 
traveling at the slow rate of only a few centimeters per 
day. Finally, these vesicles release their transmitter in 
response to action potentials in the same manner as for 
small-molecule transmitters. However, the vesicle is 
autolyzed and is not reused. 

Because of this laborious method of forming the 
neuropeptides, much smaller quantities of these are 
usually released than for the small-molecule transmit- 
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ters. However, this is partly compensated for by the 
fact that the neuropeptides are generally a thousand or 
more times as potent as the small-molecule transmit¬ 
ters. Another important characteristic of the neuro¬ 
peptides is that they usually cause much more pro¬ 
longed actions. Some of these actions include 
prolonged closure of calcium pores, prolonged 
changes in the metabolic machinery of cells, prolonged 
changes in activation or deactivation of specific genes 
in the cell nucleus, and prolonged alterations in num¬ 
bers of excitatory or inhibitory receptors. Some of 
these effects can last for days or perhaps even months 
or years. Unfortunately, our knowledge of the func¬ 
tions of the neuropeptides is only at an early begin¬ 
ning. 

Release of Only a Single Small~3tolecule 
Transmitter by Each Tyyte of Neuron 

Almost invariably, only a single small-molecule type 
of transmitter is released by each type of neuron. How¬ 
ever, the terminals of the same neuron may also release 
one or more neuropeptides at the same time. Yet what¬ 
ever small-molecule transmitter and neuropeptides 
are released at one terminal of the neuron, these same 
transmitters will be released at all other terminals of 
the same neuron, whether these are few in number or 
many thousand and also wherever these terminate 
within the nervous system or in peripheral organs. 

Removal of the Transmitter Substance 
From the S^mapse 

After a transmitter is released at a nerve ending, it is 
either destroyed or removed in some other way to pre¬ 
vent continued action forever thereafter. In the case of 
the neuropeptides, these are removed mainly by diffu¬ 
sion into the surrounding tissues, followed by destruc¬ 
tion within a few minutes to several hours by specific 
or nonspecific enzymes. For the small-molecule, rap¬ 
idly acting transmitters, removal usually occurs within 
a few milliseconds. This is achieved in three different 
ways: 

1. By diffusion of the transmitter out of the cleft into 
the surrounding fluids. 

2. By enzymatic destruction within the cleft itself. For 
instance, in the case of acetylcholine, the enzyme cho¬ 
linesterase is present in the cleft, bound in the proteo¬ 
glycan matrix that fills the space. Each molecule of this 
enzyme can split as many as 10 molecules of acetyl¬ 
choline each millisecond, thus inactivating this trans¬ 
mitter substance. Similar effects occur for other trans¬ 
mitters. 

3. By active transport back into the presynaptic termi¬ 
nal itself and reuse. This is called transmitter re-uptake. 
It occurs especially prominently at the presynaptic ter¬ 
minals of the sympathetic nervous system for the re¬ 
uptake of norepinephrine, as we shall discuss in Chap¬ 
ter 22. 

The degree to which each of these methods of re¬ 
moval is utilized is different for each type of trans¬ 
mitter. 


ELECTRiCAL EVENTS DURING 
NEURONAL EXCITATION 

The electrical events in neuronal excitation have been 
studied especially in the large motor neurons of the 
anterior horns of the spinal cord. Therefore, the events 
to be described in the following few sections pertain 
essentially to these neurons. However, except for some 
quantitative differences, they apply to most other neu¬ 
rons of the nervous system as well. 

The Resting Membrane Potential of the Neuronal 
Soma. Figure 7-7 illustrates the soma of a motor 
neuron showing the resting membrane potential to be 
about —65 mV. This is somewhat less than the 
— 90 mV found in large peripheral nerve fibers and in 
skeletal muscle fibers; the lower voltage is important, 
however, because it allows both positive and negative 
control of the degree of excitability of the neuron. That 
is, decreasing the voltage to a less negative value 
makes the membrane of the neuron more excitable, 
whereas increasing this voltage to a more negative 
value makes the neuron less excitable. This is the basis 
of the two modes of function of the neuron — either 
excitation or inhibition — as is explained in detail in the 
following sections. 

Concentration Differences of Ions Across the Neu¬ 
ronal Sornal Membrane. Figure 7-7 also illustrates the 
concentration differences across the neuronal somal 
membrane of the three ions that are most important for 
neuronal function: sodium ions, potassium ions, and 
chloride ions. 

At the top, the sodium ion concentration is shown to 
be very great in the extracellular fluid but low inside 
the neuron. This sodium concentration gradient is 
caused by a strong sodium pump that continually 
pumps sodium out of the neuron. 

The figure also shows that the potassium ion con¬ 
centration is large inside the neuronal soma but very 
low in the extracellular fluid. It illustrates that there is 
also a potassium pump (the other half of the Na'^-K'*' 
pump, as described in Chapter 5) that pumps potas¬ 
sium to the interior. However, potassium ions leak 
through the membrane ion channels at a rate sufficient 


Dendrite 



Figtire 7 — 7. Distribution of sodium, potassium, anci chloride 
ions across the neuronal somal membrane; origin of the intraso- 
mal membrane potential. 
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to nullify much of the effectiveness of the potassium 
pump. 

Figure 7-7 shows the chloride ion to be at high 
concentration in the extracellular fluid but low con¬ 
centration inside the neuron. It also shows that the 
membrane is quite permeable to chloride ions and that 
there may be a weak chloride pump. Yet most of the 
reason for the low concentration of chloride ions inside 
the neuron is the — 65-mV potential in the neuron. 
That is, this negative voltage repels the negatively 
charged chloride ions, forcing them outward through 
the pores until the concentration difference is much 
greater outside the membrane than inside. 

Let us recall at this point what we learned in Chap¬ 
ters 5 and 6 about the relationship of ionic concentra¬ 
tion differences to membrane potentials. It will be re¬ 
called that an electrical potential across the membrane 
can exactly oppose the movement of ions through a 
membrane despite concentration differences between 
the outside and inside of the membrane if the potential 
is of the proper polarity and magnitude. Such a poten¬ 
tial that exactly opposes movement of each type of ion 
is called the Nemst potential for that ion; the equation 
for this is the following: 


EMF (mV) = ±61 X log 


( 


Concentration outside 
Concentration inside 


where EMF is the Nemst potential in millivolts on the 
inside of the membrane. The potential will be positive 
(+) for a positive ion and negative (—) for a negative 
ion. 

Now, let us calculate the Nemst potential that will 
exactly oppose the movement of each of the three sep¬ 
arate ions: sodium, potassium, and chloride. 

For the sodium concentration difference shown in 
Figure 7-7,142 mEq/Lon the exterior and 14 mEq/L 
on the interior, the membrane potential that would 
exactly oppose sodium ion movement through the so- 
diumi channels would be +61 mV. However, the ac¬ 
tual membrane potential is —65 mV, not +61 mV. 
Therefore, sodium ions normally diffuse inward 
through the sodium channels; however, not many so¬ 
dium ions will diffuse because most of the sodium 
channels are normally closed. Furthermore, those so¬ 
dium ions that do diffuse to the interior are normally 
pumped immediately back to the exterior by the so¬ 
dium pump. 

For potassium ions, the concentration gradient is 
120 mEq/L inside the neuron and 4.5 mEq/L outside. 
This gives a Nemst potential of —86 mV inside the 
neuron, which is more negative than the —65 that 
actually exists. Therefore, there is a tendency for potas¬ 
sium ions to diffuse to the outside of the neuron, but 
this is opposed by the continual pumping of these po¬ 
tassium ions back to the interior. 

Finally, the chloride ion gradient, 107 mEq/L out¬ 
side and 8 mEq/L inside, yields a Nemst potential of 
— 70 mV inside the neuron, which is slightly more neg¬ 
ative than the actual value measured. Therefore, chlo¬ 
ride ions tend normally to leak to the interior of the 


neuron, whereas those that do diffuse are moved back 
to the exterior, perhaps by an active chloride pump. 

Keep these three Nemst potentials in mind and also 
remember the direction in which the different ions 
tend to diffuse, for this information will be important 
in understanding both excitation and inhibition of the 
neuron by synaptic activation of receptor ion channels. 

Origin of the Resting Membrane Potential of the 
Neuronal Soma. The basic cause of the — 65-mV rest¬ 
ing membrane potential of the neuronal soma is the 
sodium-potassium pump. This pump causes the extru¬ 
sion of more positively charged sodium ions to the 
exterior than potassium to the interior — three sodium 
ions outward for each two potassium ions inward. Be¬ 
cause there are large numbers of negatively charged 
ions inside the soma that cannot diffuse through the 
membrane—protein ions, phosphate ions, and many 
others — extrusion of the excess positive ions to the 
exterior leaves some of these nondiffusible negative 
ions inside the cell unbalanced by positive ions. Tliere- 
fore, the interior of the neuron becomes negatively 
charged as the result of the Na'^'-K'*' pump. This princi¬ 
ple was discussed in more detail in Chapter 6 in rela¬ 
tion to the resting membrane potential of nerve fibers. 
In addition, as also explained in Chapter 6, diffusion of 
potassium ions outward through the membrane is an¬ 
other cause of intracellular negativity. 

Uniform Distribution of the Potential Inside the 
Soma. The interior of the neuronal soma contains a 
very highly conductive electrolytic solution, the intra¬ 
cellular fluid of the neuron. Furthermore, the diameter 
of the neuronal soma is very large (from 10 to 80 //m in 
diameter), causing there to be almost no resistance to 
conduction of electrical current from one part of the 
somal interior to another part. Therefore, any change 
in potential in any part of the intrasomal fluid causes 
an almost exactly equal change in potential at all other 
points inside the soma. This is an important principle 
because it plays a major role in the summation of sig¬ 
nals entering the neuron from multiple sources, as we 
shall see in subsequent sections of this chapter. 

Effect of Synaptic Excitation on the Postsynaptic 
Membrane — The Excitatory Postsynaptic Potential. 
Figure 7 - 8A illustrates the resting neuron with an un¬ 
excited presynaptic terminal resting upon its surface. 
The resting membrane potential every\\+ere in the 
soma is — 65 mV. 

Figure 7-8B illustrates a presynaptic terminal that 
has secreted a transmitter into the cleft between the 
terminal and the neuronal somal membrane. This 
transmitter acts on a membrane excitatory receptor to 
increase the membrane's permeability to Nfl+ Because of 
the large electrochemical gradient that tends to move 
sodium inward, this large increase in membrane con¬ 
ductance for sodium ions allows these ions to rush to 
the inside of the membrane. 

The rapid influx of the positively charged sodium 
ions to the interior neutralizes part of the negativity of 
the resting membrane potential. Thus, in Figure 7-8B 
the resting membrane potential has increased from 
— 65 mV to — 45 mV. TTiis increase in voltage above 
the normal resting neuronal potential—that is, to a 
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Resting Neuron 


Initial segment 



Figure 7—8. Three states of a neuron. A, A resting neuron. B, A 
neuron in an excited state, with more positive intraneuronal po¬ 
tential caused by sodium influx. C, A neuron in an inhibited state, 
with more negative intraneuronal membrane potential caused by 
potassium ion efflux, chloride ion influx, or both. 


less negative value — is called the excitatory postsynap- 
tic potential (or EPSP) because if this potential rises 
high enough it will elicit an action potential in the 
neuron, thus exciting it. In this case the EPSP is 
+ 20 mV. 

However, we must issue a word of warning at this 
point. Discharge of a single presynaptic terminal can 
never increase the neuronal potential from — 65 mV 
up to —45 mV. Instead, an increase of this magni¬ 
tude requires the simultaneous discharge of many 
terminals — about 40 to 80 for the usual anterior motor 
neuron — at the same time or in rapid succession. This 
occurs by a process called summation, which will be 
discussed in detail in the following sections. 

Generation of Action Potentials at the Initial Seg¬ 
ment of the Axon Leaving the Neuron — Threshold 
for Excitation. When the excitatory postsynaptic po¬ 
tential rises high enough, there comes a point at which 
this initiates an action potential in the neuron. How¬ 
ever, the action potential does not begin on the somal 
membrane adjacent to the excitatory synapses. In¬ 
stead, it begins in the initial segment of the axon leav¬ 
ing the neuronal soma. The main reason for this point 
of origin of the action potential is that the soma has 
relatively few voltage-gated sodium channels in its 
membrane, which makes it difficult to open the re¬ 
quired number of channels to elicit an action potential. 
On the other hand, the membrane of the initial seg¬ 
ment has seven times as great a concentration of volt¬ 
age-gated sodium channels and therefore can generate 
an action potential with much greater ease than can the 
soma. The excitatory postsynaptic potential that will 
elicit an action potential at the initial segment is be¬ 


tween + 15 and +20 mV. This is in contrast to the 
+ 30 mV or more required on the soma. 

Once the action potential begins, it travels both pe¬ 
ripherally along the axon and often also backward 
over the soma. In some instances, it travels backward 
into the dendrites, too, but not into all of them, because 
they, like the neuronal soma, also have very few volt¬ 
age-gated sodium channels and therefore frequently 
cannot generate action potentials at all. 

Thus, in Figure 7-8B, it is shown that under normal 
conditions the threshold for excitation of the neuron is 
about — 45 mV, which represents an excitatory post¬ 
synaptic potential of +20 mV — that is, 20 mV more 
positive than the normal resting neuronal potential of 
-65 mV. 


ELECTMUCAL EVEIMTS IIM IMEUROIMAL 
iSHIBITiO^ 

Effect of Inhibitory Synapses on the Postsynaptic 
Membrane — The Inhibitory Postsynaptic Poten¬ 
tial. The inhibitory synapses open the potassium or the 
chloride channels, or both, instead of sodium chan¬ 
nels, allowing easy passage of one or both of these 
ions. Now, to understand how the inhibitory synapses 
inhibit the postsynaptic neuron, we must recall what 
we learned about the Nernst potentials for both the 
potassium ions and the chloride ions. We calculated 
this potential for potassium ions to be about — 86 mV 
and for chloride ions about —70 mV. Both of these 
potentials are more negative than the — 65 mV nor¬ 
mally present inside the resting neuronal membrane. 
Therefore, opening the potassium channels will allow 
positively charged potassium ions to move to the exte¬ 
rior, which will make the membrane potential more 
negative than normal; and opening the chloride chan¬ 
nels will allow negatively charged chloride ions to 
move to the interior, which also will make the mem¬ 
brane potential more negative than usual. This in¬ 
creases the degree of intracellular negativity, which 
is called hyperpolarization. It obviously inhibits the 
neuron because the membrane potential is now farther 
away than ever from the threshold for excitation. 
Therefore, an increase in negativity beyond the normal 
resting membrane potential level is called the inhibi¬ 
tory postsynaptic potential (IPSP). 

Thus, Figure 7-8C illustrates the effect on the 
membrane potential caused by activation of inhibitory 
synapses, allowing chloride influx into the cell or po¬ 
tassium efflux from the cell, with the membrane po¬ 
tential decreasing from its normal value of — 65 mV to 
the more negative value of —70 mV. This membrane 
potential that is 5 mV more negative is the inhibitory 
postsynaptic potential. Thus the IPSP in this instance 
is —5 mV. 

Inhibition of Neurons Without Causing an Inhib¬ 
itory Postsynaptic Potential — ''Short Circuiting" of 
the Membrane. Sometimes activation of the inhibi¬ 
tory synapses causes little or no inhibitory postsynap¬ 
tic potential but nevertheless still inhibits the neuron. 

The reason that the potential often does not change 
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is that in some neurons the concentration differences 
across the membrane for the potassium and chloride 
ions are only able to cause a Nemst equilibrium poten¬ 
tial equal to the normal resting potential. Therefore, 
when the inhibitory channels open, there is no net 
flow of ions to cause an inhibitory postsynaptic poten¬ 
tial. Yet the potassium or chloride ions, or both, do 
diffuse bidirectionally through the wide-open chan¬ 
nels many times as rapidly as normally, and this high 
flux inhibits the neuron in the following way: When 
excitatory synapses cause sodium ions to flow into the 
neuron, the wide-open potassium or chloride channels 
cause far less excitatory postsynaptic potential than 
usual because any tendency for the membrane poten¬ 
tial to change away from the resting potential is imme¬ 
diately opposed by rapid flux of potassium or chloride 
ions through the inhibitory channels to bring the po¬ 
tential back toward the negative Nemst equilibrium 
potentials for these two ions. Therefore, the influx of 
sodium ions required to overcome the potassium or 
chloride flux and therefore cause excitation may be as 
much as 5 to 20 times normal. 

This tendency for the potassium and chloride ions to 
maintain the membrane potential near the resting 
value when the inhibitory channels are wide open is 
called "short circuiting" of the membrane, thus mak¬ 
ing the sodium current flow caused by excitatory syn¬ 
apses ineffective in exciting the cell. 

To express the phenomenon of short circuiting more 
mathematically, one needs to recall the Goldman equation 
from Chapter 6. This equation shows that the membrane 
potential is determined by summation of the tendencies for 
the different ions to carry electrical charges through the 
membrane in the two directions. The membrane potential 
will approach the Nemst equilibrium potentials for those 
ions that permeate the membrane to the greatest extent. 
When the inhibitory channels are wide open, the chloride 
and potassium ions permeate the membrane greatly. There¬ 
fore, when the excitatory channels open, the summated ef¬ 
fect of the inhibitory channels makes it difficult to raise the 
neuronal potential up to the threshold value for excitation. 

Presimaptic inhibition 

In addition to the inhibition caused by inhibitory syn¬ 
apses operating at the neuronal membrane, which is 
called postsynaptic inhibition, another type of inhibi¬ 
tion often occurs in the presynaptic terminals before 
the signal ever reaches the synapse. This type of inhibi¬ 
tion, called presynaptic inhibition, is believed to occur in 
the following way: 

In presynaptic inhibition, the inhibition is caused by 
"presynaptic" synapses that lie on the terminal nerve 
fibrils before they themselves terminate on the follow¬ 
ing neuron. It is believed that activation of these syn¬ 
apses on the presynaptic terminals decreases the abil¬ 
ity of the calcium channels in the terminals to open. 
Because calcium ions must enter the presynaptic termi¬ 
nals before the vesicles can release transmitter at the 
neuronal synapse, the obvious result is to reduce neu¬ 
ronal excitation. 

The cause of the reduced calcium entry into the pre¬ 


synaptic terminals is still unknown. One theory sug¬ 
gests that the presynaptic synapses release a transmit¬ 
ter that directly blocks calcium channels. Another 
theory proposes that the transmitter inhibits the open¬ 
ing of sodium channels, thus reducing the action po¬ 
tential in the terminal; because the voltage-activated 
calcium channels are very highly voltage-sensitive, 
any decrease in action potential greatly reduces cal¬ 
cium entry. 

Presynaptic inhibition occurs in many of the sensory 
pathways in the nervous system. That is, the adjacent 
nerve fibers inhibit each other, which minimizes the 
sideways spread of signals from one fiber to the next. 
We discuss this phenomenon more fully in subsequent 
chapters. 

Presynaptic inhibition is different from postsynaptic 
inhibition in its time sequence. It requires many milli¬ 
seconds to develop; but once it does occur, it can last 
for as long as minutes or even hours. Postsynaptic inhi¬ 
bition, on the other hand, normally lasts for only a few 
milliseconds. 


Summation of Postsynaptic Potentials 

Time Course of Postsynaptic Potentials. When a 
synapse excites the anterior motor neuron the neuro¬ 
nal membrane remains highly permeable for only 1 to 
2 msec. During this time sodium ions diffuse rapidly to 
the interior of the cell to increase the intraneuronal 
potential, thus creating the excitatory postsynaptic po¬ 
tential, illustrated by the two lower curves of Figure 
7-9. This potential then slowly dissipates over the 
next 15 msec, because this is the time required for the 
positive charges to flow away from the excited syn¬ 
apses along the lengths of the dendrites and axon and 
for potassium ions to leak out or chloride ions to leak in 
to re-establish the normal resting membrane potential. 

Precisely the opposite effect occurs for the inhibitory 
postsynaptic potential. That is, the inhibitory synapse 
increases the permeability of the membrane to potas¬ 
sium or chloride ions, or both, for 1 to 2 msec, and this 
decreases the intraneuronal potential to a more nega¬ 
tive value than normal, thereby creating the inhibitory 
postsynaptic potential This potential also persists for 
about 15 msec. 

However, other types of transmitter substances act¬ 
ing on other neurons can excite or inhibit for hundreds 
of milliseconds or even for seconds, minutes, or hours. 

Spatial Summation of the Postsimaptic 
Potentials — The Threshold for Firing 

It has already been pointed out that excitation of a 
single presynaptic terminal on the surface of a neuron 
will almost never excite the neuron. The reason for this 
is that sufficient transmitter substance is released by a 
single terminal to cause an excitatory postsynaptic po¬ 
tential usually no more than 0.5 to 1 mV at most, in¬ 
stead of the required 10 to 20 mV to reach the usual 
threshold for excitation. However, during excitation in 
a neuronal pool of the nervous system, many presy- 
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Fi^re 7 — 9. ELxcitatory postsynaptic potentials, showing that si¬ 
multaneous firing of only a few synapses will not cause sufficient 
summated potential to elicit an action potential, but the simulta¬ 
neous firing of many sy napses will raise the summated potential to 
the threshold for excitation and cause a superimposed action po¬ 
tential. 



naptic terminals are usually stimulated at the same 
time; and even though these terminals are spread over 
wide areas of the neuron, their effects can still sum- 
mate. The reason for this is the following: It has al¬ 
ready been pointed out that a change in the potential at 
any single point within the soma will cause the poten¬ 
tial to change ever\nvhere in the soma almost exactly 
equally. Therefore, for each excitator}^ synapse that 
discharges simultaneously, the intrasomal potential 
becomes more positive by as much as a fraction of a 
millivolt up to about 1 mV. When the excitator\^ post¬ 
synaptic potential becomes great enough, the threshold 
for firing will be reached, and an action potential will 
generate in the initial segment of the axon. This effect 
is illustrated in Figure 7-9, w^hich show^s several excit¬ 
atory postsynaptic potentials. The bottom postsynap¬ 
tic potential in the figure w^as caused by simultaneous 
stimulation of four synapses; the next higher potential 
w^as caused by stimulation of two times as many syn¬ 
apses; finally, a still higher excitatory postsynaptic po¬ 
tential was caused by stimulation of four times as 
many synapses. This time an action potential was gen¬ 
erated in the initial axon segment. 

This effect of summing simultaneous postsynaptic 
potentials by excitation of multiple terminals on 
widely spaced areas of the membrane is called spatial 
summation. 

Temporal Summation 

Each time a terminal fires, the released transmitter 
substance opens the membrane channels for a milli¬ 
second or so. Since the postsynaptic potential lasts up 
to 15 msec, a second opening of the same channels can 
increase the postsynaptic potential to a still greater 
level; therefore, the more rapid the rate of terminal 
stimulation, the greater the effective postsynaptic po¬ 
tential. Thus, successive postsynaptic potentials in a 
presynaptic terminal, if they occur rapidly enough, can 
summate in the same w^ay that postsynaptic potentials 
can summate from widely distributed terminals over 
the surface of the neuron. This summation is called 
temporal summation. 

Simultaneous Summation of Inhibitory and Ex¬ 
citatory Postsynaptic Potentials. Obviously, if an in¬ 
hibitor)^ postsynaptic potential is tending to decrease 


the membrane potential to a more negative value 
w^hile an excitator)^ postsynaptic potential is tending to 
increase the potential at the same time, these tw^o ef¬ 
fects can either completely nullify each other or par¬ 
tially nullify each other. Also, inhibitory "'short circuit¬ 
ing" of the membrane potential can nullify much of an 
excitator)^ potential. Thus, if a neuron is currently 
being excited by an excitatory postsynaptic potential, 
then an inhibitor)^ signal from another source can eas¬ 
ily reduce the postsynaptic potential to less than the 
threshold value for excitation, thus turning off the ac¬ 
tivity of the neuron. 

Facilitation of Neurons. Often the summated post¬ 
synaptic potential is excitator)^ in nature but has not 
risen high enough to reach the threshold for excitation. 
WTien this happens the neuron is said to be facilitated. 
That is, its membrane potential is nearer the threshold 
for firing than normally but not yet to the firing level. 
Nevertheless, another signal entering the neuron from 
some other source can then excite the neuron very 
easily. Diffuse signals in the ner\'ous system often fa¬ 
cilitate large groups of neurons so that they can re¬ 
spond quickly and easily to signals arriving from sec¬ 
ond sources. 


SPECIAL FVXCTIOXS OF DEXDRITES 
L\ EXCITIXG XEVROXS 

The Large Spatial Field of Excitation of the Den¬ 
drites. The dendrites of the anterior motor neurons 
extend for 500 to 1000 pm in all directions from the 
neuronal soma. Therefore, these dendrites can receive 
signals from a large spatial area around the motor 
neuron. This provides v^ast opportunity for summation 
of signals from many separate presynaptic neurons. 

It is also important that between 80 and 90 per cent 
of all the presynaptic terminals terminate on the den¬ 
drites of the anterior motor neuron, in contrast to only 
10 to 20 per cent terminating on the neuronal soma. 
Therefore, the preponderant share of the excitation is 
provided by signals transmitted over the dendrites. 

Many Dendrites Cannot Transmit Action Po¬ 
tentials— But They Can Transmit Signals by Elec¬ 
tronic Conduction. Many dendrites fail to transmit 
action potentials because their membranes have rela- 
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tively few voltage-gated sodium channels, so that their 
thresholds for excitation are too high for action poten¬ 
tials ever to occur. Yet they do transmit electrotonic 
current down the dendrites to the soma. Transmission 
of electrotonic current means the direct spread of 
current by electrical conduction in the fluids of the 
dendrites with no generation of action potentials. 
Stimulation of the neuron by this current has special 
characteristics, as follows: 

Decrement of Electrotonic Conduction in the 
Dendrites — Greater Excitation by Synapses Near 
the Soma. In Figure 7 -10 a number of excitatory and 
inhibitory synapses are shown stimulating the den¬ 
drites of a neuron. On the two dendrites to the left in 
the figure are shown excitatory effects near the ends of 
the dendrites; note the high levels of the excitatory 
postsynaptic potentials at these ends — that is, the less 
negative membrane potentials at these points. How¬ 
ever, a large share of the excitatory postsynaptic po¬ 
tential is lost before it reaches the soma. The reason for 
this is that the dendrites are long and thin, and their 
membranes are also thin and excessively permeable to 
potassium and chloride ions, making them 'Teaky" to 
electrical current. Therefore, before the excitatory po¬ 
tentials can reach the soma, a large share of the poten¬ 
tial is lost by leakage through the membrane. This 
decrease in membrane potential as it spreads electro- 
tonically along dendrites toward the soma is called 
decremental conduction. 

It is also obvious that the nearer the excitatory syn¬ 
apse is to the soma of the neuron, the less will be the 
decrement of conduction. Therefore, those synapses 
that lie near the soma have much more excitatory ef¬ 
fect than those that lie far away from the soma. 

Rapid Re-excitation of the Neuron by the Den¬ 
drites after the Neuron Fires. When an action poten¬ 
tial is generated in a neuron, this action potential usu¬ 
ally spreads back over the soma but not always over 



Figure 7-10. Stimulation of a neuron by presynaptic terminals 
located on dendrites, showing, especially, decremental conduc¬ 
tion of excitatory (E) electrotonic potentials in the tvvo dendrites to 
the left and inhibition (I) of dendritic excitation in the dendrite that 
is uppermost. A powerful effect of inhibitory synapses at the initial 
segment is also show n. 


the dendrites. Therefore, the excitatory postsynaptic 
potentials in the dendrites often are only partially dis¬ 
turbed by the action potential, so that just as soon as 
the action potential is over, the potentials still existing 
in the dendrites are ready and waiting to excite the 
neuron again. Thus, the dendrites have a '"holding 
capacity" for the excitatory signal from presynaptic 
sources. 

Summation of Excitation and Inhibition in Den¬ 
drites. The uppermost dendrite of Figure 7-10 is 
shown to be stimulated by both excitatory and inhibi¬ 
tory synapses. At the tip of the dendrite is a strong 
excitatory postsynaptic potential, but nearer to the 
soma are two inhibitory synapses acting on the same 
dendrite. These inhibitory synapses provide a hyper- 
polarizing voltage that completely nullifies the excit¬ 
atory effect and indeed transmits a small amount of 
inhibition by electrotonic conduction toward the soma. 
Thus, dendrites can summate excitatory and inhibitory 
postsynaptic potentials in the same way that the soma 
can. 

Also shown in the figure are several inhibitory syn¬ 
apses located directly on the axon hillock and initial 
axon segment. This location provides especially pow¬ 
erful inhibition because it has the direct effect of in¬ 
creasing the threshold for excitation at the very point 
where the action potential is normally generated. 


RELATION OF STATE OF EXCITATION 
OF THE NEURON TO THE RATE OF 
FIRING 

The "Excitatory State." The "excitatory state" of a 
neuron is defined as the degree of excitatory drive to 
the neuron. If there is a higher degree of excitation 
than inhibition of the neuron at any given instant, then 
it is said that there is an excitatory state. On the other 
hand, if there is more inhibition than excitation, then it 
is said that there is an inhibitory state. 

When the excitatory state of a neuron rises above the 
threshold for excitation, then the neuron will fire re¬ 
petitively as long as the excitatory state remains at this 
level. However, the rate at which it will fire is deter¬ 
mined by how much the excitatory state is above thresh¬ 
old. To explain this, we must first consider what hap¬ 
pens to the neuronal somal potential during and 
following the action potential. 

Changes in Neuronal Somal Potential During and 
Following the Action Potential. The lower curve of 
Figure 7-11 illustrates an action potential spreading 
backward over the neuronal soma after being initiated 
in the initial axon segment by an excitatory postsynap¬ 
tic potential. After the spike portion of the action po¬ 
tential, there is a very long state of "hyperpolariza¬ 
tion" lasting for many milliseconds. During this 
interval the somal membrane potential falls below the 
normal resting membrane potential. This is caused at 
least partly by a high degree of permeability of the 
neuronal membrane to potassium ions that persists for 
many milliseconds after the action potential is over. 
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Figure 7—11. A neuronal action potential followed by a pro¬ 
longed period of neuronal hyperpolarization. Also shown is the 
"excitatory state” required for re-excitation of the neuron at given 
intervals after the action potential is over. 


The high membrane conductivity for potassium ions 
also short circuits excitatory potentials, as has already 
been explained. 

The importance of this hyperpolarization as well as 
the short circuiting that occurs after the spike potential 
is over is that the neuron remains in an inhibited state 
during this period of time. Therefore, a far greater ex¬ 
citatory state is required during this time than normally 
to cause re-excitation of the neuron. 

Relationship of Excitatory State to Frequency of 
Firing. The curve shown at the top of Figure 7-11, 
labeled "Excitatory state required for re-excitation," 
depicts the relative level of the excitatory state required 
at each instance after an action potential is over to 
re-excite the neuron. Note that very soon after an ac¬ 
tion potential is over, a very high excitatory state is 
required. That is, a very large number of excitatory 
synapses must be firing simultaneously. Then, after 
many milliseconds have passed and the state of hyper¬ 
polarization and the short circuiting of the neuron 
have begun to disappear, the excitatory state required 
becomes greatly reduced. 

Therefore, when the excitatory state is high, a sec¬ 
ond action potential will appear very soon after the 
previous one. Then still a third action potential will 
appear soon after the second, and this process will 
continue indefinitely. Thus, at a very high excitatory 
state the frequency of firing of the neuron is great. 

On the other hand, when the excitatory state is only 
barely above threshold, the neuron must recover al¬ 
most completely from the hyperpolarization and short 
circuiting, which requires many milliseconds, before it 
will fire again. Therefore, the frequency of neuronal 
firing is low. 

Response Characteristics of Different Neurons to 
Increasing Levels of Excitatory State. Histological 
study of the nervous system provides convincing evi¬ 
dence for the widely varying types of neurons in dif¬ 
ferent parts of the nervous system. And, physiologi¬ 
cally, the different types of neurons perform different 
functions. Therefore, as would be expected, the ability 


to respond to stimulation by the synapses varies from 
one type of neuron to another. 

Figure 7-12 illustrates theoretical responses of three 
different types of neurons to varying levels of the excit¬ 
atory state. Note that neuron 1 has a low threshold for 
excitation, whereas neuron 3 has a high threshold. But 
note also that neuron 2 has the lowest maximum fre¬ 
quency of discharge, whereas neuron 3 has the highest 
maximum frequency. 

Some neurons in the central nervous system fire 
continuously because even the normal excitatory state 
is above the threshold level. Their frequency of firing 
can usually be increased still more by further increas¬ 
ing their excitatory state. Or the frequency may be 
decreased, or firing even be stopped, by superimpos¬ 
ing an inhibitory state on the neuron. 

Thus, different neurons respond differently, have 
different thresholds for excitation, and have widely 
differing maximal frequencies of discharge. With a lit¬ 
tle imagination one can readily understand the impor¬ 
tance of having neurons with many different types of 
response characteristics to perform the widely varying 
functions of the nervous system. 

■ SOME SPECIAL 

CHARACTERISTICS OF 
SYIVAPTIC TRAIVSMISSIOIV 

Fatigue of Synaptic Transmission. When excit¬ 
atory synapses are repetitively stimulated at a rapid 
rate, the number of discharges by the postsynaptic 
neuron is at first very great, but it becomes progres¬ 
sively less in succeeding milliseconds or seconds. This 
is called fatigue of synaptic transmission. 

Fatigue is an exceedingly important characteristic of 
synaptic function, for when areas of the nervous sys¬ 
tem become overexcited, fatigue causes them to lose 
this excess excitability after a while. For example, fa¬ 
tigue is probably the most important means by which 
the excess excitability of the brain during an epileptic 
convulsion is finally subdued so that the convulsion 



Fijifiire 7—12. Response cliararteristics of ilitYerent types of neu¬ 
rons to progressively increasing levels of excitat{)ry state. 
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ceases. Thus, the development of fatigue is a protective 
mechanism against excess neuronal activity. This is 
discussed further in the description of reverberating 
neuronal circuits in the following chapter. 

The mechanism of fatigue is mainly exhaustion of 
the stores of transmitter substance in the synaptic ter- 
nriinals, particularly because it has been calculated that 
the excitatory terminals on most neurons can store 
enough excitatory transmitter for only 10,000 normal 
synaptic transmissions, so that the transmitter can be 
exhausted in only a few seconds to a few minutes of 
rapid stimulation. However, part of the fatigue process 
probably also results from two other factors as well: (1) 
progressive inactivation of many of the postsynaptic 
membrane receptors; and (2) slow buildup of calcium 
ions inside the postsynaptic neuronal cell caused by the 
successive action potentials — these calcium ions in 
turn open calcium-activated potassium channels, 
which cause an inhibitory effect on the postsynaptic 
neuron. 

Post-tetanic Facilitation. V\Tien a rapidly repetitive series 
of impulses stimulates an excitatory synapse for a period of 
time and then a rest period is allowed, the synapse will often 
become for a period of seconds or minutes even more re¬ 
sponsive to subsequent stimulation than normally. This is 
called post-tetanic facilitation. 

Experiments have shown that post-tetanic facilitation is 
caused mainly by the buildup of excess calcium ions in the 
presynaptic terminals because the calcium pump operates too 
slowly to remove all of these immediately after each action 
potential. These accumulated calcium ions cause more and 
more vesicular release of transmitter substance, occasionally 
increasing the release of transmitter to a rate two times 
normal. 

The physiological significance of post-tetanic facilita¬ 
tion is still very doubtful, and it may have no real significance 
at all. However, neurons could possibly store information by 
this mechanism. Therefore post-tetanic facilitation might 
well be a mechanism of ''short-term" memory in the central 
nervous system. 

Effect of Acidosis and Alkalosis on Synaptic Transmis¬ 
sion. The neurons are highly responsive to changes in pH of 
the surrounding interstitial fluids. Alkalosis greatly increases 
neuronal excitability. For instance, a rise in arterial pH from 
the 7.4 norm to 7.8 to 8.0 often causes cerebral convulsions 
because of increased excitability of the neurons. This can be 
demonstrated especially well by having a person who is pre¬ 
disposed to epileptic convulsions overbreathe. The over¬ 
breathing elevates the pH of the blood only momentarily, 
but even this short interval can often precipitate an epileptic 
attack. 

On the other hand, acidosis greatly depresses neuronal ac¬ 
tivity; a fall in pH from 7.4 to below 7.0 usually causes a 
comatose state. For instance, in very severe diabetic or ure¬ 
mic acidosis, coma always develops. 

Effect of Hypoxia on Synaptic Transmission. Neuronal 
excitability is also highly dependent on an adequate supply 
of oxygen. Cessation of oxygen for only a few seconds can 
cause complete inexcitability of the neurons. This is often 
seen when the cerebral circulation is temporarily inter¬ 
rupted, for within 3 to 5 sec the person becomes uncon¬ 
scious. 

Effect of Drugs on Synaptic Transmission. Many differ¬ 
ent drugs are knowTi to increase the excitability of neurons, 
and others are known to decrease the excitability. For in¬ 


stance, caffeine, theophylline, and theobromine, which are 
found in coffee, tea, and cocoa, respectively, all increase 
neuronal excitability, presumably by reducing the threshold 
for excitation of the neurons. Also, strychnine is one of the 
best knowTi of all the agents that increase the excitability of 
neurons. However, it does not reduce the threshold for exci¬ 
tation of the neurons at all; instead, it inhibits the action of 
some of the inhibitory transmitters on the neurons, especially 
the inhibitory effect of glycine in the spinal cord. In conse¬ 
quence, the effects of the excitatory transmitters become 
overwhelming, and the neurons become so excited that they 
go into rapidly repetitive discharge, resulting in severe tonic 
muscle spasms. 

Most anesthetics increase the membrane threshold for ex¬ 
citation and thereby decrease synaptic transmission at many 
points in the nervous system. Because most of the anesthetics 
are lipid-soluble, it has been reasoned that they might 
change the physical characteristics of the neuronal mem¬ 
branes, making them less responsive to excitatory agents. 

Synaptic Delay. In transmission of an action potential 
from a presynaptic neuron to a postsynaptic neuron, a cer¬ 
tain amount of time is consumed in the process of (1) dis¬ 
charge of the transmitter substance by the presynaptic termi¬ 
nal, (2) diffusion of the transmitter to the postsynaptic 
neuronal membrane, (3) action of the transmitter on the 
membrane receptor, (4) action of the receptor to increase the 
membrane permeability, and (5) inward di^usion of sodium 
to raise the excitatory postsynaptic potential to a high 
enough value to elicit an action potential. The minimal period 
of time required for all these events to take place, even when 
large numbers of excitatory synapses are stimulated simulta¬ 
neously, is about 0.5 msec. TWs is called the synaptic delay. It 
is important for the following reason; Neurophysiologists 
can measure the minimal delay time between an input volley 
of impulses and an output volley and from this can estimate 
the number of series neurons in the circuit. 
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8 

Sensory Receptors; JVeuronal 
Circuits for Processing 
Information 


Input to the nervous system is provided by the sensory 
receptors that detect such sensory stimuli as touch, 
sound, light, pain, cold, warmth, and so forth. The 
purpose of this chapter is to discuss the basic mecha¬ 
nisms by which these receptors change sensory stimuli 
into nerve signals and, also, how the information con¬ 
veyed in the signals is processed in the nervous system. 

■ TYPES OF SEIVSORY 
RECEPTORS AIVD THE 
SEIVSORY STIMULI THEY 
DETECT 

Table 8-1 gives a list and classification of most of the 
body's sensory receptors. This table shows that there 
are basically five different types of sensory receptors: 
(1) mechanoreceptors, which detect mechanical defor¬ 
mation of the receptor or of cells adjacent to the recep¬ 
tor; (2) thermoreceptors, which detect changes in tem¬ 
perature, some receptors detecting cold and others 
warmth; (3) nociceptors (pain receptors), which detect 
damage in the tissues, whether physical damage or 
chemical damage; (4) electromagnetic receptors, which 
detect light on the retina of the eye; and (5) chemore- 
ceptors, which detect taste in the mouth, smell in the 
nose, oxygen level in the arterial blood, osmolality of 
the body fluids, carbon dioxide concentration, and 
perhaps other factors that make up the chemistry of 
the body. 

In this chapter we discuss the function of a few spe¬ 
cific types of receptors, primarily peripheral mechano¬ 
receptors, to illustrate some of the basic principles by 
which receptors in general operate. Other receptors 
will be discussed in relation to the sensory systems that 
they subserve. 

Figure 8-1 illustrates some of the different types of 
mechanoreceptors found in the skin or in the deep 
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structures of the body, and Table 8-1 gives their re¬ 
spective sensory functions. All these receptors are dis¬ 
cussed in the following chapters in relation to the re¬ 
spective sensory systems. 

DIFFERENTIAL SENSITIVITY OF 
RECEPTORS 

The first question that must be answered is how differ¬ 
ent types of sensory receptors detect different types of 
sensory stimuli. The answer is by virtue of differential 
sensitivities. That is, each type of receptor is very 
highly sensitive to one type of stimulus for which it is 
designed, and yet is almost nonresponsive to normal 
intensities of the other types of sensory stimuli. Thus, 
the rods and cones are highly responsive to light but 
are almost completely nonresponsive to heat, cold, 
pressure on the eyeballs, or chemical changes in the 
blood. The osmoreceptors of the supraoptic nuclei in 
the hypothalamus detect minute changes in the osmo¬ 
lality of the body fluids but have never been known to 
respond to sound. Finally, pain receptors in the skin 
are almost never stimulated by usual touch or pressure 
stimuli but do become highly active the moment tactile 
stimuli become severe enough to damage the tissues. 

Modality of Sensation — The ^^Labeled 
Line** Principle 

Each of the principal types of sensation that we can 
experience — pain, touch, sight, sound, and so forth — 
is called a modality of sensation. Yet despite the fact 
that we experience these different modalities of sensa¬ 
tion, nerve fibers transmit only impulses. Therefore, 
how is it that different nerve fibers transmit different 
modalities of sensation? 

The answer to this is that each nerve tract terminates 
at a specific point in the central nervous system, and 
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TABLE S-1 Classification of Sensory Receptors 

Mechanoreceptors 

Skin tactile sensibilities (epidermis and dermis) 

Free nerve endings 
Expanded tip endings 
Merkel’s discs 
Several other variants 
Spray endings 
Ruffini's endings 
Encapsulated endings 
Meissner’s corpuscles 
Krause’s corpuscles 
Hair end-organs 
Deep tissue sensibilities 
Free nerve endings 
Expanded tip endings 
Spray endings 
Ruffini’s endings 
Encapsulated endings 
Pacinian corpuscles 
A few other variants 
Muscle endings 
Muscle spindles 
Golgi tendon receptors 
Hearing 

Sound receptors of cochlea 
Equilibrium 

V'estibular receptors 
Arterial pressure 

Baroreceptors of carotid sinuses and aorta 
Thermoreceptors 
Cold 

Cold receptors 
Warmth 

Warm receptors 
Nociceptors 
Pain 

Free nerve endings 
Electromagnetic receptors 
Vision 
Rods 
Cones 

Chemoreceptors 

Taste 

Receptors of taste buds 
Smell 

Receptors of olfactory epithelium 
Arterial oxygen 

Receptors of aortic and carotid bodies 
Osmol^ty 

Probably neurons in or near supraoptic nuclei 
Blood CO 2 

Receptors in or on surface of medulla and in aortic 
and carotid bodies 

Blood glucose, amino acids, fatty acids 
Receptors in hypothalamus 


the type of sensation felt when a nerve fiber is stimu¬ 
lated is determined by the point in the nervous system 
to which the fiber leads. For instance, if a pain fiber is 
stimulated, the person perceives pain regardless of 
what type of stimulus excites the fiber. The stimulus 
can be electricity, heat, crushing, or stimulation of the 
pain nerve ending by damage to the tissue cells. Yet the 
person still perceives pain. Likewise, if a touch fiber is 
stimulated by exciting a touch receptor electrically or in 
any other way, the person perceives touch because 
touch fibers lead to specific touch areas in the brain. 
Similarly, fibers from the retina of the eye terminate in 
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Figure 8—1. Several types of somatic sensory nerve endings. 


the vision areas of the brain, fibers from the ear termi¬ 
nate in the auditory areas of the brain, and tempera¬ 
ture fibers terminate in the temperature areas. 

This specificity of nerve fibers for transmitting only 
one modality of sensation is called the "labeled line" 
principle. 


■ TRAIVSDLJCTIOIV OF 

SEIVSORY STIMULI IIVTO 
IVERVE IMPULSES 

LOCAL CURREXTS AT iXERVE 
EXDLXGS — RECEPTOR POTEiXTlALS 

All sensory receptors have one feature in common. 
Whatever the type of stimulus that excites the receptor, 
its immediate effect is to change the membrane poten¬ 
tial of the receptor. This change in potential is called a 
receptor potential 

Mechanisms of Receptor Potentials. Different re¬ 
ceptors can be excited in several different ways to 
cause receptor potentials: (1) by mechanical deforma¬ 
tion of the receptor, which stretches the membrane 
and opens ion channels; (2) by application of a chemi¬ 
cal to the membrane, which also opens ion channels; 
(3) by change of the temperature of the membrane, 
which alters the permeability of the membrane; and (4) 
by the effects of electromagnetic radiation such as light 
on the receptor, which either directly or indirectly 
changes the membrane characteristics and allows ions 
to flow through membrane channels. It will be recog¬ 
nized that these four different means of exciting recep¬ 
tors correspond in general with the different types of 
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known sensory receptors. In all instances, the basic 
cause of the change in membrane potential is a change 
in receptor membrane permeability, which allows ions 
to diffuse more or less readily through the membrane 
and thereby change the transmembrane potential. 

The Receptor Potential Amplitude. The maximum 
amplitude of most sensor}^ receptor potentials is 
around 100 mV. This is approximately the same maxi¬ 
mum voltage recorded in action potentials and is also 
approximately the voltage at which the membrane be¬ 
comes maximally permeable to sodium ions. 

Relationship of the Receptor Potential to Action 
Potentials. When the receptor potential rises above 
the threshold for eliciting action potentials in the nerve 
fiber attached to the receptor, then action potentials 
begin to appear. This is illustrated in Figure 8-2. Note 
also that the more the receptor potential rises above the 
threshold level, the greater becomes the action poten¬ 
tial frequency. Thus, the receptor potential stimulates 
the sensor)^ nerv^e fiber in the same way that the excit¬ 
atory^ postsynaptic potential in the central nervous 
system neuron stimulates the neuron's axon. 


The Receptor Potential of the Pacinian 
Corpuscle—An Illustrative Example of 
Receptor Function 

The student should at this point restudy the anatomi¬ 
cal structure of the pacinian corpuscle illustrated in 
Figure 8 -1. Note that the corpuscle has a central nerve 
fiber extending through its core. Surrounding this are 
multiple concentric capsule layers, so that compression 
anywhere on the outside of the corpuscle will elongate, 
indent, or otherwise deform the central fiber. 

Now study Figure 8-3, which illustrates only the 
central fiber of the pacinian corpuscle after all capsule 
layers have been removed by microdissection. The 
very tip of the central fiber is unmyelinated, but it 
becomes myelinated shortly before leaving the cor¬ 
puscle to enter the peripheral sensory nerve. 

The figure also illustrates the mechanism by which 
the receptor potential is produced in the pacinian cor¬ 
puscle. Observe the small area of the terminal fiber 



Figure 8 — 2. Typical relationship between receptor potential 
and action potentials when the receptor potential rises above the 
threshold level. 
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Figure 8 — 3. Excitation of a sensory nerve fiber by a receptor 
potential produced in a pacinian corpuscle. (Modified from Loe- 
vvenstein: Ann. X.Y. Acad. Sci., 94:510, 1961.) 


that has been deformed by compression of the corpus¬ 
cle, and note that ion channels have opened in the 
membrane, allowing positively charged sodium ions to 
diffuse to the interior of the fiber. This in turn creates 
increased positivity inside the fiber, which is the re¬ 
ceptor potential. The receptor potential in turn induces 
a local circuit of current flow, illustrated by the red 
arrows, that spreads along the nerve fiber. At the first 
node of Ranvier, which itself lies inside the capsule of 
the pacinian corpuscle, the local current flow depolar¬ 
izes the node, and this then sets off typical action po¬ 
tentials that are transmitted along the nerve fiber 
toward the central nervous system. 

Relationship Between Stimulus Intensity and the 
Receptor Potential. Figure 8-4 illustrates the chang¬ 
ing amplitude of the receptor potential caused by pro¬ 
gressively stronger mechanical compression applied 
experimentally to the central core of a pacinian cor¬ 
puscle. Note that the amplitude increases rapidly at 
first but then progressively less rapidly at high stimu¬ 
lus strength. 

In general, the frequency of repetitive action poten¬ 
tials transmitted from sensory receptors increases ap¬ 
proximately in proportion to the increase in receptor 
potential. Putting this information together with the 
data in Figure 8-4, one can see that even though a very 



Figure 8 — 4. Relationship of amplitude of receptor potential to 
strength of a stimulus applied to a pacinian corpuscle. (From Loe- 
vv enstein: Ann. Acad. Sci., 94:510, 1961.) 
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weak sensory stimulus can usually elicit at least some 
sensory signal, very intense stimulation of the receptor 
causes progressively less and less further increase in 
numbers of action potentials. This is an exceedingly 
important principle, employed by almost all sensory 
receptors. It allows the receptor to be very sensitive to 
weak sensory experience and yet not reach a maximum 
firing rate until the sensory experience is extreme. Ob¬ 
viously, this allows the receptor to have an extreme 
range of response, from very weak to very intense. 


ABAPTATiOIV OF RECEPTORS 

A special characteristic of all sensory receptors is that 
they adapt either partially or completely to their stimuli 
after a period of time. That is, when a continuous sen¬ 
sory stimulus is applied, the receptors respond at a 
very high impulse rate at first, then at a progressively 
lower rate until finally many of them no longer re¬ 
spond at all. 

Figure 8-5 illustrates typical adaptation of certain 
types of receptors. Note that the pacinian corpuscle 
adapts extremely rapidly and hair receptors adapt 
within a second or so, whereas joint capsule and mus¬ 
cle spindle receptors adapt very slowly. 

Furthermore, some sensory receptors adapt to a far 
greater extent than others. For example, the pacinian 
corpuscles adapt to '"extinction" within a few hun¬ 
dredths of a second, and the hair base receptors adapt 
to extinction within a second or more. It is probable 
that all other mechanoreceptors also adapt completely 
eventually, but some require hours or days to do so, for 
which reason they are frequently called "nonadapt¬ 
ing" receptors. The longest measured time for com¬ 
plete adaptation of a mechanoreceptor is about two 
days for the carotid and aortic baroreceptors. 

Some of the nonmechanoreceptors, the chemore- 
ceptors and pain receptors for instance, probably never 
adapt completely. 

Mechanisms by Which Receptors Adapt. Adapta¬ 
tion of receptors is an individual property of each type 
of receptor in much the same way that development of 
a receptor potential is an individual property. For in- 



Figure 8 — 5. Adaptation of different types of receptors, showing 
rapid adaptation of some receptors and slow adaptation of others. 


Stance, in the eye, the rods and cones adapt by chang¬ 
ing the concentrations of their light-sensitive chemi¬ 
cals (which is discussed in Chapter 12). 

In the case of the mechanoreceptors, the receptor 
that has been studied for adaptation in greatest detail is 
again the pacinian corpuscle. Adaptation occurs in this 
receptor in two ways. First, the pacinian corpuscle is a 
viscoelastic structure so that when a distorting force is 
suddenly applied to one side of the corpuscle, this 
force is instantly transmitted by the viscous compo¬ 
nent of the corpuscle directly to the same side of the 
central core, thus eliciting the receptor potential. How¬ 
ever, within a few hundredths of a second the fluid 
within the corpuscle redistributes, so that the pressure 
becomes essentially equal all through the corpuscle; 
this now applies an even pressure on all sides of the 
central core fiber, so that the receptor potential is no 
longer elicited. Thus, the receptor potential appears at 
the onset of compression but then disappears within a 
small fraction of a second even though the compres¬ 
sion continues. 

Then, when the distorting force is removed from the 
corpuscle, essentially the reverse events occur. The 
sudden removal of the distortion from one side of the 
corpuscle allows rapid expansion on that side, and a 
corresponding distortion of the central core occurs 
once more. Again, within hundredths of a second, the 
pressure becomes equalized all through the corpuscle, 
and the stimulus is lost. Nevertheless, this disturbance 
of the central core fiber signals the offset of compres¬ 
sion as well as signaling the onset of compression. 

The second mechanism of adaptation of the pacin¬ 
ian corpuscle, but a much slower one, results from a 
process called accommodation that occurs in the nerve 
fiber itself. That is, even if by chance the central core 
fiber should continue to be distorted, as can be 
achieved after the capsule has been removed and the 
core compressed with a stylus, the tip of the nerve fiber 
itself gradually becomes "accommodated" to the stim¬ 
ulus. This probably results from "'inactivation" of the 
sodium channels in the nerve fiber membrane, which 
means that the current flow itself through the channels 
in some way causes them gradually to close, as was 
explained in Chapter 6. 

Presumably, these same two general mechanisms of 
adaptation apply also to the other types of mechanore¬ 
ceptors. That is, part of the adaptation results from 
readjustments in the structure of the receptor itself, 
and part results from accommodation in the terminal 
nerve fibril. 

Function of the Slowly Adapting Receptors to De¬ 
tect Continuous Stimulus Strength — The "Tonic" 
Receptors. The slowly adapting receptors continue to 
transmit impulses to the brain as long as the stimulus is 
present (or at least for many minutes or hours). There¬ 
fore, they keep the brain constantly apprised of the 
status of the body and its relation to its surroundings. 
For instance, impulses from the muscle spindles and 
Golgi tendon apparatus allow the central nervous sys¬ 
tem to know the status of muscle contraction and the 
load on the muscle tendon at each instant. 

Other types of slowly adapting receptors include the 
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receptors of the macula in the vestibular apparatus, the 
pain receptors, the baroreceptors of the arterial tree, 
the chemoreceptors of the carotid and aortic bodies, 
and some of the tactile receptors, such as Ruffini's 
endings and Merkel's discs. 

Because the slowly adapting receptors can continue 
to transmit information for many hours, they are also 
called tonic receptors. Many of these slowly adapting 
receptors will adapt to extinction if the intensity of the 
stimulus remains absolutely constant for several hours 
or days. Fortunately, because of our continually 
changing bodily state, these receptors almost never 
reach a state of complete adaptation. 

Function of the Rapidly Adapting Receptors to 
Detect Change in Stimulus Strength — The "Rate 
Receptors" or "Movement Receptors" or "Phasic 
Receptors." Obviously, receptors that adapt rapidly 
cannot be used to transmit a continuous signal because 
these receptors are stimulated only when the stimulus 
strength changes. Yet they react strongly while a 
change is actually taking place. Furthermore, the num¬ 
ber of impulses transmitted is directly related to the 
rate at which the change takes place. Therefore, these 
receptors are called rate receptors, movement receptors, 
or phasic receptors. Thus, in the case of the pacinian 
corpuscle, sudden pressure applied to the skin excites 
this receptor for a few milliseconds, and then its exci¬ 
tation is over even though the pressure continues. But 
later it transmits a signal again when the pressure is 
released. In other words, the pacinian corpuscle is ex¬ 
ceedingly important for transmitting information 
about rapid changes in pressure against the body, but it 
is useless for transmitting information about constant 
pressure applied to the body. 

Importance of the Rate Receptors — Their Predic¬ 
tive Function. If one knows the rate at which some 
change in bodily status is taking place, one can predict 
the state of the body a few seconds or even a few 
minutes later. For instance, the receptors of the semi¬ 
circular canals in the vestibular apparatus of the ear 
detect the rate at which the head begins to turn when a 
person runs around a curve. Using this information, a 
person can predict how much he will turn within the 
next 2 sec and can adjust the motion of the limbs ahead 
of time to keep from losing balance. Likewise, receptors 
located in or near the joints help detect the rates of 
movement of the different parts of the body. There¬ 
fore, when a person is running, information from these 
receptors allows the nervous system to predict where 
the feet will be during any precise fraction of a second, 
and appropriate motor signals can be transmitted to 
the muscles of the legs to make any necessary anticipa¬ 
tory corrections in limb position so that the person will 
not fall. Loss of this predictive function makes it im¬ 
possible for the person to run. 


■ THE \ER\ E FIBERS THAT TRANSMIT 
SIGXALS A\D THEIR PHYSIOLOGICAL 
CLASSIFICATIO\ 

Some signals need to be transmitted to the central nervous 
system extremely rapidly; otherwise the information would 


be useless. An example of this is the sensory signals that 
apprise the brain of the momentary positions of the limbs at 
each fraction of a second during running. Another example 
is the motor signals sent back to the muscles from the brain. 
At the other extreme, some types of sensory information, 
such as that depicting prolonged, aching pain, do not need to 
be transmitted rapidly at all, so that very slowly conducting 
fibers will suffice. Fortunately, nerve fibers come in all sizes 
between 0.2 and 20 pirr\ in diameter—the larger the diame¬ 
ter, the greater the conducting velocity. The range of con¬ 
ducting velocities is between 0.5 and 120 m/sec. 

Figure 8-6 gives two different classifications of nerve 
fibers that are in general use. One of these is a general classi¬ 
fication that includes both sensory and motor fibers, includ¬ 
ing the autonomic nerve fibers as well. The other is a classifi¬ 
cation of sensory nerve fibers that is used primarily by 
sensory neurophysiologists. 

In the general classification, the fibers are divided into 
types A and C, and the type A fibers are further subdivided 
into a, p, y, and S fibers. 

Type A fibers are the typical myelinated fibers of spinal 
nerves. Type C fibers are the very small, unmyelinated nerve 
fibers that conduct impulses at low velocities. These consti¬ 
tute more than half the sensory fibers in most peripheral 
nerves and also all of the postganglionic autonomic fibers. 

The sizes, velocities of conduction, and functions of the 
different nerve fiber types are given in the figure. Note that a 
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Figure 8 — 6. Physiological classifications and functions of ner\'e 
fibers. 
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few very large fibers can transmit impulses at velocities as 
great as 120 m/sec, a distance in 1 sec that is longer than a 
football field. On the other hand, the smallest fibers transmit 
impulses as slowly as 0.5 m/sec, requiring about 2 sec to go 
from the big toe to the spinal cord. 

Alternate Classification Used by Sensory Physiologists. 
Certain recording techniques have made it possible to sepa¬ 
rate the type Aa fibers into two subgroups; and yet these 
same recording techniques cannot distinguish easily be¬ 
tween Afi and Ay fibers. Therefore, the following classifica¬ 
tion is frequently used by sensory physiologists: 

Group la. Fibers from the annulospiral endings of muscle 
spindles (average about 17 pin diameter; these are type Aa 
fibers in the general classification). 

Group Ib. Fibers from the Golgi tendon organs (average 
about 16 pm in diameter; these also are type Aa fibers). 

Group II. Fibers from the discrete cutaneous tactile recep¬ 
tors and also from the flow^er-spray endings of the muscle 
spindles (average about 8 pm in diameter; these are type A^ 
and type Ay fibers in the other classification). 

Group III. Fibers carrying temperature, crude touch, and 
pricking pain sensations (average about 3 pm in diameter; 
these are type AS fibers in the other classification). 

Group TV. Unmyelinated fibers carrying pain, itch, tem¬ 
perature, and crude touch sensations (0.5 to 2 // in diameter; 
these are called type C fibers in the other classification). 


■ TRAi\SMISSIOi\ OF SIGiVALS 
OF DIFFEREiW Ii\TE]\SIT¥ 

IIV IVERV^ TRACTS — 

SPATIAL AIVD TEMPORAL 
SLMMATIOIV 

One of the characteristics of each signal that always 
must be conveyed is its intensity, for instance, the in¬ 
tensity of pain. The different gradations of intensity 
can be transmitted either by utilizing increasing num¬ 
bers of parallel fibers or by sending more impulses 
along a single fiber. These two mechanisms are called, 
respectively, spatial summation and temporal summa¬ 
tion. 

Figure 8-7 illustrates the phenomenon of spatial 
summation, whereby increasing signal strength is 
transmitted by using progressively greater numbers of 
fibers. This figure shows a section of skin innervated 
by a large number of parallel pain nerve fibers. Each of 
these arborizes into hundreds of minute free nerve end¬ 
ings that serve as pain receptors. The entire cluster of 
fibers from one pain fiber frequently covers an area of 
skin as large as 5 cm in diameter, and this area is called 
the receptor field of that fiber. The number of endings is 
large in the center of the field but diminishes toward 
the periphery. One can also see from the figure that the 
arborizing nerve fibrils overlap those from other pain 
fibers. Therefore, a pinprick of the skin usually stimu¬ 
lates endings from many different pain fibers simulta¬ 
neously. When the pinprick is in the center of the re¬ 
ceptive field of a particular pain fiber, however, the 
degree of stimulation of that fiber is far greater than 
when it is in the periphery of the field. 

Thus, in the lower part of Figure 8-7 are shown 
three separate views of the cross section of the nerve 
bundle leading from the skin area. To the left is shown 



Figure S - 7. Pattern of stimulation of pain fibers in a nerx e trunk 
leading from an area of skin pricked by a pin. This is an example of 
spatial summation. 


the effect of a weak stimulus, with only a single nerve 
fiber in the middle of the bundle stimulated very 
strongly (represented by the solid fiber), whereas sev¬ 
eral adjacent fibers are stimulated weakly (half-solid 
fibers). The other two views of the nerve cross section 
show the effect respectively of a moderate stimulus 
and a strong stimulus, with progressively more fibers 
being stimulated. Thus, the stronger signals spread to 
more and more fibers. This is the phenomenon of spa¬ 
tial summation. 

A second means for transmitting signals of increas¬ 
ing strength is by increasing the frequency of nerve 
impulses in each fiber, which is called temporal sum¬ 
mation. Figure 8-8 illustrates this, showing in the 
upper part a changing strength of signal and in 
the lower part the actual impulses transmitted by the 
nerve fiber. 


■ TRAi\SMlSSIOi\ Ai\D 

PROCESSING OF SIGNALS 
IN NEURONAL POOLS 

The central nervous system is made up of literally hun¬ 
dreds or even thousands of separate neuronal pools. 



Figure 8-8. Translation of signal strength into a frequency- 
modulated series of nerve impulses, showing above the strength 
of signal and below the separate ner\ e impulses. This is an exam¬ 
ple of temporal summation. 
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some of which contain very few neurons while others 
hold vast numbers. For instance, the entire cerebral 
cortex could be considered to be a single large neuronal 
pool, or it could be considered to be a collection of 
smaller pools each observing separate functions. Other 
neuronal pools include the different basal ganglia, the 
specific nuclei in the thalamus, in the cerebellum, the 
mesencephalon, pons, and medulla. Also, the entire 
dorsal gray matter of the spinal cord could be consid¬ 
ered to be one long pool of neurons, and the entire 
anterior gray matter another long neuronal pool. 

Each pool has its own special characteristics of orga¬ 
nization that cause it to process signals in its own spe¬ 
cial way, thus allowing these special characteristics to 
achieve the multitude of functions of the nervous sys¬ 
tem. Yet despite their differences in function, the pools 
also have many similar principles of function, de¬ 
scribed in the following pages. 


RELAYING OF SiGiXALS THROUGH 
i\EVROi\AL POOLS 

Organization of Neurons for Relaying Signals. 
Figure 8-9 is a schematic diagram of several neurons 
in a neuronal pool, showing ''input'' fibers to the left 
and "output" fibers to the right. Each input fiber di¬ 
vides hundreds to thousands of times, providing an 
average of a thousand or more terminal fibrils that 
spread over a large area in the pool to synapse with the 
dendrites or cell bodies of the neurons in the pool. The 
dendrites usually also arborize and spread for hun¬ 
dreds to thousands of micrometers in the pool. The 
neuronal area stimulated by each incoming nerve fiber 
is called its stimulatory field. Note that large numbers of 
the terminals from each input fiber lie on the center- 



Fi^re 8 — 9. Basic organization of a neuronal pool. 


most neuron in its "field," but progressively fewer ter¬ 
minals lie on the neurons farther from the center of the 
field. 

Threshold and Subthreshold Stimuli —Facili¬ 
tation. From the discussion of synaptic function in the 
previous chapter, it will be recalled that discharge of a 
single excitatory presynaptic terminal almost never 
stimulates the postsynaptic neuron. Instead, large 
numbers of terminals must discharge on the same 
neuron either simultaneously or in rapid succession to 
cause excitation. For instance, in Figure 8-9, let us 
assume that six separate terminals must discharge si¬ 
multaneously to excite any one of the neurons. If the 
student will count the number of terminals on each 
one of the neurons from each input fiber, he or she will 
see that input fiber 1 has more than enough terminals 
to cause neuron a to discharge. Therefore, the stimulus 
from input fiber 1 to this neuron is said to be an excit¬ 
atory stimulus; it is also called a suprathreshold stimulus 
because it is above the threshold required for excita¬ 
tion. 

Input fiber 1 also contributes terminals to neurons b 
and c, but not enough to cause excitation. Neverthe¬ 
less, discharge of these terminals makes both these 
neurons more excitable to signals arriving through 
other incoming nerve fibers. Therefore, the stimulus to 
these neurons is said to be suhthreshold, and the neu¬ 
rons are said to be facilitated. 

Similarly, for input fiber 2, the stimulus to neuron d is 
a suprathreshold stimulus; and the stimulus to neurons 
b and c is a subthreshold, but facilitating, stimulus. 

It must be recognized that Figure 8-9 represents a 
highly condensed version of a neuronal pool, for each 
input nerve fiber usually provides terminals to hun¬ 
dreds or thousands of separate neurons in its distribu¬ 
tion "field," as illustrated in Figure 8 -10. In the central 
portion of the field, almost all the neurons are stimu¬ 
lated by the incoming fiber, designated in Figure 8-10 
by the darkened circle area. Therefore, this is said to be 
the discharge zone of the incoming fiber, also called 
excited zone or liminal zone. To either side, the neurons 
are facilitated but not excited, and these areas are 
called the facilitated zone, also called subthreshold zone 
or subliminal zone. 

Inhibition of a Neuronal Pool. We must also re¬ 
member that some incoming fibers inhibit neurons, 
rather than exciting them. This is exactly the opposite 
of facilitation, and the entire field of the inhibitory 
branches is called the inhibitory zone. The degree of 
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Fi^re 8 — 10. “Discharge” and “facilitated" zones of a neuronal 
pool. 
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inhibition in the center of this zone obviously is very 
great because of large numbers of endings in the 
center; it becomes progressively less toward its edges. 


Divergence of Signats Passing Through 
IVeuronai Pools 

Often it is important for signals entering a neuronal 
pool to excite far greater numbers of nerve fibers leav¬ 
ing the pool. This phenomenon is called divergence. 
Two major types of divergence occur and have entirely 
different purposes: 

An amplifying type of divergence is illustrated in 
Figure 8 -11 A. This means simply that an input signal 
spreads to an increasing number of neurons as it passes 
through successive orders of neurons in its path. This 
type of divergence is characteristic of the corticospinal 
pathway in its control of skeletal muscles, with a single 
large pyramidal cell in the motor cortex capable, under 
appropriate conditions, of exciting as many as 10,000 
muscle fibers. 

The second type of divergence, illustrated in Figure 
8-1 IB, is divergence into multiple tracts. In this case, 
the signal is transmitted in two separate directions 
from the pool. For instance, information transmitted in 
the dorsal columns of the spinal cord takes two courses 
in the lower part of the brain: (1) into the cerebellum; 
and (2) on through the lower regions of the brain to the 
thalamus and cerebral cortex. Likewise, in the thala¬ 
mus almost all sensory information is relayed both into 
deep structures of the thalamus and to discrete regions 
of the cerebral cortex. 


Convergence of Signals 

“Convergence" means the coming together of signals 
from multiple inputs to excite a single neuron. Figure 
8- 12A shows convergence from a single source. That is, 
multiple terminals from an incoming fiber tract termi¬ 
nate on the same neuron. The importance of this is that 
neurons are almost never excited by an action potential 
from a single input terminal. But action potentials from 
multiple input terminals will provide enough "spatial 



Divergence in same tract Divergence in multiple tracts 
A B 


Fij^ire 8—11. “Divergence” in neuronal pathways. A, Diver¬ 
gence within a pathway to cause “amplification’’ of the signal. B, 
Divergence into multiple tracts to transmit the signal to separate 
areas. 
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Figure 8-12. “Convergence ” of multiple input fibers on a single 
neuron. A, Input fibers from a single source. B, Input fibers from 
multiple sources. 


summation" to bring the neuron to the threshold re¬ 
quired for discharge. 

However, convergence can also result from input sig¬ 
nals (excitatory or inhibitory)/rom multiple sources, as 
illustrated in Figure 8-12B. For instance, the inter¬ 
neurons of the spinal cord receive converging signals 
from (1) peripheral nerve fibers entering the cord, (2) 
propriospinal fibers passing from one segment of the 
cord to another, (3) corticospinal fibers from the cere¬ 
bral cortex, and (4) several other long pathways de¬ 
scending from the brain into the spinal cord. Then the 
signals from the intemeurons converge on the anterior 
motor neurons to control muscle function. 

Such convergence allows summation of information 
from different sources, and the resulting response is a 
summated effect of all the different types of informa¬ 
tion. Obviously, therefore, convergence is one of the 
important means by which the central nervous system 
correlates, summates, and sorts different types of in¬ 
formation. 

iXeuronal Circuit Causing Both 
Excitatory and Inhibitory Output Signals 

Sometimes an incoming signal to a neuronal pool 
causes an output excitatory signal going in one direc¬ 
tion and at the same time an inhibitory signal going 
elsewhere. For instance, at the same time that an excit¬ 
atory signal is transmitted by one set of neurons in 
the spinal cord to cause forward movement of a leg, 
an inhibitory signal is transmitted simultaneously 
through a separate set of neurons to inhibit the muscles 
on the back of the leg so that they mil not oppose the 
forward movement. This type of circuit is characteris¬ 
tic of control of all antagonistic pairs of muscles, and it 
is called the reciprocal inhibition circuit. 

Figure 8-13 illustrates the means by which the inhi¬ 
bition is achieved. The input fiber directly excites the 
excitatory output pathway, but it stimulates an inter¬ 
mediate inhibitory neuron (neuron 2) which then in¬ 
hibits the second output pathway from the pool. This 
type of circuit is also important in prev'enting overac¬ 
tivity in many parts of the brain. 



















no iV • The Central IVervous System: A. General Principles and Sensory Physiology 


Input fiber 


Excitatory synapses 



« 


Inhibitory synapse 


■> Excitation 


Inhibition 


Figure 8-13. Inhibitory circuit. Neuron 2 is an inhibitory 
neuron. 


PROLOXGATWIV OF A SIGNAL 
BY A NEURONAL POOL — 

^ ^AFTERDISCHARGE ’' 

Thus far, we have considered signals that are merely 
relayed through neuronal pools. However, in many 
instances, a signal entering a pool causes a prolonged 
output discharge, called of ter discharge, even after the 
incoming signal is over, and lasting from a few milli¬ 
seconds to as long as many minutes. The two most 
important mechanisms by which afterdischarge occurs 
are the following: 

Synaptic Afterdischarge. When excitatory syn¬ 
apses discharge on the surfaces of dendrites or the 
soma of a neuron, a postsynaptic potential develops in 
the neuron that lasts for many milliseconds, especially 
so when some of the long-acting synaptic transmitter 
substances are involved. As long as this potential lasts, 
it can continue to excite the neuron, causing it to trans¬ 
mit a continuous train of output impulses, as was ex¬ 
plained in the previous chapter. Thus, as a result of this 
synaptic ''afterdischarge" mechanism alone, it is pos¬ 
sible for a single instantaneous input to cause a sus¬ 
tained signal output (a series of repetitive discharges) 
lasting for many milliseconds. 

The Reverberatory (Oscillatory) Circuit as a 
Cause of Signal Prolongation. One of the most im¬ 
portant of all circuits in the entire nervous system is the 
reverberatory, or oscillatory, circuit. Such circuits are 
caused by positive feedback within the neuronal net¬ 
work. That is, the output of a neuronal circuit feeds 
back to re-excite the input of the same circuit. Conse¬ 
quently, once stimulated, the circuit discharges repeti¬ 
tively for a long time. 

Several different possible varieties of reverberatory 
circuits are illustrated in Figure 8-14, the simplest— 
in Figure 8-14A—involving only a single neuron. In 
this case, the output neuron simply sends a collateral 
nerve fiber back to its own dendrites or soma to re¬ 
stimulate itself; therefore, once the neuron discharged, 
the feedback stimuli could help keep the neuron dis¬ 
charging for a long time thereafter. 

Figure 8 - 14B illustrates a few additional neurons in 
the feedback circuit, which would give a longer period 
of time between the initial discharge and the feedback 
signal. Figure 8-14C illustrates a still more complex 
system in which both facilitatory and inhibitory fibers 
impinge on the reverberating circuit. A facilitatory sig¬ 
nal enhances the intensity and frequency of reverbera¬ 
tion, whereas an inhibitory signal depresses or stops 
the reverberation. 


Input Output 

-- 

Input Output 

Facilitation 




Fi^re 8—14. Reverberatory circuits of increasing complexity. 


Figure 8-14D illustrates that most reverberating 
pathways are constituted of many parallel fibers, and 
at each cell station the terminal fibrils diffuse widely. 
In such a system the total reverberating signal can be 
either weak or strong, depending on how many paral¬ 
lel nerve fibers are momentarily involved in the rever¬ 
beration. 

Characteristics of Signal Prolongation From a Re¬ 
verberatory Circuit, Figure 8-15 illustrates output 
signals from a typical reverberatory circuit. The input 
stimulus need last only 1 msec or so, and yet the output 
can last for many milliseconds or even minutes. The 
figure demonstrates that the intensity of the output 
signal usually increases to a high value early in the 
reverberation, then decreases to a critical point, at 
which it suddenly ceases entirely. The cause of this 



Figure 8 -15. Typical pattern of the output signal from a rever¬ 
beratory circuit following a single input stimulus, showing the 
effects of facilitation and inhibition. 
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sudden cessation of reverberation is fatigue of one or 
more of the synaptic junctions in the circuit, for fatigue 
beyond a certain critical level lowers the stimulation of 
the next neuron in the circuit below threshold level so 
that the circuit is suddenly broken. Obviously, the du¬ 
ration of the signal before cessation can also be con¬ 
trolled by signals from other parts of the brain that 
inhibit or facilitate the circuit. 

Almost these exact patterns of output signals are 
recorded from the motor nerves exciting a muscle in¬ 
volved in the flexor reflex following pain stimulation 
of the foot (as illustrated in Figure 8 -18). 

Continuous Signal Output From 
Dleuronal Circuits 

Some neuronal circuits emit output signals contin¬ 
uously even without excitatory input signals. At least 
two different mechanisms can cause this effect: (1) 
intrinsic neuronal discharge and (2) continuous rever¬ 
beratory signals. 

Continuous Discharge Caused by Intrinsic Neu¬ 
ronal Excitability. Neurons, like other excitable tis¬ 
sues, discharge repetitively if their membrane poten¬ 
tials rise above certain threshold levels. The membrane 
potentials of many neurons even normally are high 
enough to cause them to emit impulses continually. 
This occurs especially in large numbers of the neurons 
of the cerebellum as well as in most of the intemeurons 
of the spinal cord. The rates at which these cells emit 
impulses can be increased by facilitatory signals or 
decreased by inhibitory signals; the latter can some¬ 
times decrease the rate to extinction. 

Continuous Signals Emitted From Reverberating 
Circuits as a Means for Transmitting Information. 
Obviously, a reverberating circuit that never fatigues 
to extinction can also be a source of continual impulses. 
And facilitatory impulses entering the reverberating 
pool can increase the output signal, while inhibition 
can decrease or even extinguish the signal. 

Figure 8-16 illustrates a continual output signal 
from a pool of neurons, which may emit impulses ei¬ 
ther because of intrinsic neuronal excitability or as a 
result of reverberation. Note that an excitatory (or fa- 



Fi^re 8—16. Continuous output from either a reverberating 
circuit or a pool of intrinsically discharging neurons. This figure 
also shows the effect of excitatory and inhibitory input signals. 


cilitatory) input signal greatly increases the output sig¬ 
nal, whereas an inhibitory input signal greatly de¬ 
creases the output. Those students who are familiar 
with radio transmitters will recognize this to be a car¬ 
rier wave type of information transmission. That is, the 
excitatory and inhibitory control signals are not the 
cause of the output signal, but they do control it. Note 
that this carrier wave system allows decrease in signal 
intensity as well as increase, whereas, up to this point, 
the types of information transmission that we have 
discussed have been only positive information, rather 
than negative information. This type of information 
transmission is used by the autonomic nervous system 
to control such functions as vascular tone, gut tone, 
degree of constriction of the iris, heart rate, and others. 


RHYTHMIC SIGiXAL OUTPUT 

Many neuronal circuits emit rhythmic output sig¬ 
nals—for instance, the rhythmic respiratory signal 
originating in the reticular substance of the medulla 
and pons. This repetitive rhythmic signal continues 
throughout life, while other rhythmic signals, such as 
those that cause scratching movements by the hind leg 
of a dog or the walking movements in an animal, re¬ 
quire input stimuli into the respective circuits to initiate 
the signals. 

Either all or almost all rhythmic signals that have 
been studied experimentally have been found to result 
from reverberating circuits or successive reverberating 
circuits that feed excitatory or inhibitory signals from 
one neuron to the next. 

Obviously, facilitatory or inhibitory signals can af¬ 
fect rhythmic signal output in the same way that they 
can affect continuous signal outputs. Figure 8-17, for 
instance, illustrates the rhythmic respiratory signal in 
the phrenic nerve. However, when the carotid body is 
stimulated by arterial oxygen deficiency, the fre¬ 
quency and amplitude of the rhythmic signal pattern 
increase progressively. 



Fij^ure 8— 1 7. The rhythmic output from the respiratory center, 
showing that progressix ely increasing stimulation of the carotid 
body increases both the intensity and frequency of oscillation. 
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m Ii\STABILITY AIVD 

STABILITY OF IVELROIVAL 
CIRCUITS 

Almost every part of the brain connects either directly 
or indirectly with every other part, and this creates a 
serious problem. If the first part excites the second, the 
second the third, the third the fourth, and so on until 
finally the signal re-excites the first part, it is clear that 
an excitatory signal entering any part of the brain 
would set ofif a continuous cycle of re-excitation of all 
parts. If this should occur, the brain would be inun¬ 
dated by a mass of uncontrolled reverberating sig¬ 
nals—signals that would be transmitting no informa¬ 
tion but, nevertheless, would be consuming the cir¬ 
cuits of the brain so that none of the informational 
signals could be transmitted. Such an effect actually 
occurs in widespread areas of the brain during epileptic 
convulsions. 

How does the central nervous system prevent this 
from happening all the time? The answer seems to lie 
in two basic mechanisms that function throughout the 
central nervous system: (1) inhibitory circuits; and (2) 
fatigue of synapses. 

hXHIBITORV CIRCUITS AS A 
AIECHAiXISAI FOR STABILIZIIVG 
XERIOUS SVSTEAI FUXCTIOiX 

Two types of inhibitory circuits in widespread areas of 
the brain help prevent excessive spread of signals: (1) 
inhibitory feedback circuits that return from the ter¬ 
mini of pathways back to the initial excitatory neurons 
of the same pathways — these are believed to occur in 
all the sensory nervous pathways, and they inhibit the 
input neurons when the termini become overly ex¬ 
cited; and (2) some neuronal pools that exert gross 
inhibitor)^ control over widespread areas of the 
brain-—for instance, many of the basal ganglia exert 
inhibitory influences throughout the motor control 
system. 

SVXAPTIC FATIGUE AS A MEAiXS OF 
STABILIZUXG THE iXERlOUS SYSTEH 

Synaptic fatigue means simply that synaptic transmis¬ 
sion becomes progressively weaker the more pro¬ 
longed the period of excitation. Figure 8-18 illustrates 
three successive records of a flexor reflex elicited in an 
animal caused by inflicting pain in the footpad of the 
paw. Note in each record that the strength of contrac¬ 
tion progressively "'decrements'' —that is, its strength 
diminishes; this is believed to be caused by fatigue of 
the synapses in the flexor reflex circuit. Furthermore, 
the shorter the interval between the successive flexor 
reflexes, the less is the intensity of the subsequent re¬ 
flex response. Thus, in most neuronal circuits that are 
overused, the sensitivities of the circuits become de¬ 
pressed. 



Figure 8-18. Successive flexor reflexes illustrating fatigue of 
conduction through the reflex pathway. 

Automatic Short-term Adjustment of Pathway 
Sensitivity by the Fatigue Mechanism. Now let us 
apply this phenomenon of fatigue to multiple path¬ 
ways in the brain. Those that are overused usually 
become fatigued, and so their sensitivities will be re¬ 
duced. On the other hand, those that are underused 
will become rested, and their sensitivities will increase. 
Thus, fatigue and recovery from fatigue constitute an 
important short-term means of moderating the sensi¬ 
tivities of the different nervous system circuits, helping 
to keep them operating in a range of sensitivity that 
allows effective function. 

Long-term Changes in Synaptic Sensitivity 
Caused by Automatic Downgrading or Upgrading 
of Synaptic Receptors. Recently it has been learned 
that the long-term sensitivities of synapses can be 
changed tremendously by downgrading the number 
of receptor proteins at the synaptic sites when there is 
overactivity and upgrading the receptors when there is 
underactivity. The mechanism for this is believed to be 
the following: Receptor proteins are being formed 
constantly by the endoplasmic reticulum - Golgi appa¬ 
ratus system and are constantly being inserted into the 
synaptic membrane. However, when the synapses are 
overused and excesses of transmitter substance com¬ 
bine with the receptor proteins, many of these proteins 
are inactivated permanently and presumably removed 
from the synaptic membrane. This is especially true 
when some of the "modulator" transmitter substances 
are released at the synapses. 

It is indeed fortunate that fatigue and downgrading 
or upgrading of receptors, as well as other control 
mechanisms of the nervous system, continually adjust 
the sensitivity in each circuit to almost the exact level 
required for proper function. Think for a moment how 
serious it would be if the sensitivities of only a few of 
these circuits should be abnormally high; one might 
then expect almost continual muscle cramps, convul¬ 
sions, psychotic disturbances, hallucinations, tension, 
or many other nervous disorders. But the automatic 
controls normally readjust the sensitivities of the cir¬ 
cuits back to a controllable range of reactivity any time 
the circuits begin to be either too active or too de¬ 
pressed. 













S ■ Sensory Receptors; Neuronal Circuits for Processinfi Information 113 


REFERE\CES 

An der Heiden, U.; Analysis of Neural Networks. New York, Springer-Verlag, 
1980, 

Baldissera, F., et al.: Integration in spinal neuronal systems. In Brooks, V B. 
(ed.): Handbook of Physiology. Sec. 1, Vol. 11. Bethesda, Md., American 
Physiological Society, 1981, p. 509. 

Bjorklund, A., and Stenevi, U.; Intercerebral neural implants: Neuronal re¬ 
placement and reconstruction of damaged circuitries. Annu. Rev. Neurosci., 
7:279, 1984. 

Bousfield, D. (ed.): Neurotransmitters in Action. New York, Elsevier Science 
Publishing Co., 1985. 

Connor, J. A.: Neural pacemakers and rhythmidty. Annu. Rev. Physiol., 
47:17, 1985. 

Cotman, C. \V., et al.: Synapse replacement in the nervous system of adult 
vertebrates. Physiol. Rev., 61:684, 1981. 

Cowan, VV. M.: The development of the brain. Sd. Am., 241(3):112, 1979. 

Dumont, J. P. C., and Robertson R. M.: Neuronal circuits: An evolutionary 
perspective. Sdence, 233:849, 1986. 

Faber, D. S., and Kom, H.: Electrical field effects: Their relevance in central 
neural networks. Physiol. Rev., 69:821, 1989. 

Gilbert, C. D.: Microdrcuitry of the visual cortex. Aimu. Rev. Neurosd., 6:217, 
1983. 

Hemmings, H. C., Jr., et al.: Role of protein phosphorylation in neuronal signal 
transduction. FASEB J., 3:1583, 1989. 

Heimeman, E., and Mendell, L. M.: Functional organization of motoneuron 
pool and its inputs. In Brooks, V. B. (ed.): Handbook of Physiology. Sec. 1, 
Vol. II. Bethesda, Md., American Physiological Sodety, 1981, p. 423. 

Hopfield, J. J., and Tank, D. VV.: Computing with neural circuits: A model. 
Sdence, 233:625, 1986. 

Kalia, M. P.: Anatomical organization of central respiratory neurons. Annu. 
Rev. Physiol., 43:105, 1981. 


Laduron, P. M.: Presynaptic heteroreceptors in regulation of neuronal trans¬ 
mission. Biochem. Pharmacol., 34:467, 1985. 

Uinas, R. R.: The intrinsic electrophysiological properties of mammalian neu¬ 
rons: Insights into central nervous system function. Sdence, 242:1654, 
1988. 

Mendell, L. M.: Modifiability of spinal synapses. Physiol. Rev., 64:260, 1984. 

Mountcastle, V. B.: Central nervous mechanisms in mechanoreceptive serrsi- 
bility. In Darian-Smith, 1. (ed ): Handbook of Physiology. Sec. 1, Vol. III. 
Bethesda, Md., American Physiological Sodety, 1984, p. 789. 

Pinsker, H. M., and WUlis, W. D., Jr. (eds.): Information Processing in the 
Nervous System. New York, Raven Press, 1980. 

Purv’es, D., and Lichtman, J. VV.: Specific connections between nerve cells. 
Annu. Rev. Physiol., 45:553, 1983. 

Robinson, D. A.: Integrating with neurorts. Annu. Rev. Physiol., 12:33, 1989. 

Sachs, M. B.: Neural coding of complex sounds: Speech. Annu. Rev. Physiol., 
46:261, 1984. 

Sejnowski, T. J., et al.: Computational neurosdence. Sdence, 241:1299, 1988. 

Selverston, A 1., and MouHns, M.: Oscillatory neural netw'orks. Annu. Rev. 
Physiol., 47:29, 1985. 

Sherman, S. M., and Spear, P. D.: Orgarrization of visual pathways in normal 
and visually deprived cats. Physiol. Rev., 62:738, 1982. 

Starke, K., et al.: Modulation of neurotransmitter release by presynaptic auto¬ 
receptors. Physiol. Rev., 69:864, 1989. 

Sterling, P.: Microcircuitry of thecat retina. Annu. Rev. Neurosd., 6:149,1983. 

Su, C.: Purinergic neurotransmission and neuromodulation. Aimu. Rev Phar¬ 
macol. Toxicol., 23:397, 1983. 

Turek, F. W.: Circadian neural rhythms in mammals. Annu. Rev. Physiol., 
47:49, 1985. 

Wong, R. K., et al.: Local circuit interactiorrs in synchronization of cortical 
neurons. J. Exp. Biol., 112:169, 1984. 



9 

Somatic Sensations: 

L General Organization; the Tactile 
and Position Senses 


The somatic senses are the nerv^ous mechanisms that 
collect sensor}^ information from the body. These 
senses are in contradistinction to the special senses, 
which mean specifically vision, hearing, smell, taste, 
and equilibrium. 

■ CLASSIFICATIOiV OF 
SOMATIC SE\SES 

The somatic senses can be classified into three differ¬ 
ent physiological types: (1) the mechanoreceptive so¬ 
matic senses, which include both tactile and position 
sensations that are stimulated by mechanical displace¬ 
ment of some tissue of the body; (2) the thermoreceptive 
senses, which detect heat and cold; and (3) the pain 
sense, which is activated by any factor that damages 
the tissues. This chapter deals with the mechanore¬ 
ceptive tactile and position senses, and the follow¬ 
ing chapter discusses the thermoreceptive and pain 
senses. 

The tactile senses include touch, pressure, vibration, 
and tickle senses, and the position senses include static 
position and rate of movement senses. 

Other Classifications of Somatic Sensations. So¬ 
matic sensations are also often grouped together in 
other classes that are not necessarily mutually exclu¬ 
sive, as follows: 

Exteroreceptive sensations are those from the surface 
of the body. Proprioceptive sensations are those having 
to do with the physical state of the body, including 
position sensations, tendon and muscle sensations, 
pressure sensations from the bottom of the feet, and 
even the sensation of equilibrium, which is generally 
considered to be a ''special" sensation rather than a 
somatic sensation. 

Visceral sensations are those from the viscera of the 
body; in using this term one usually refers specifically 
to sensations from the internal organs. 


The deep sensations are those that come from the 
deep tissues, such as from fasciae, muscles, bone, and 
so forth. These include mainly "deep" pressure, pain, 
and vibration. 


■ DETECTIOiV A\D 

TRA\SMISSIO\ OF TACTILE 
SE\SATIO\S 

Interrelationship Between the Tactile Sensations 
of Touch, Pressure, and Vibration. Though touch, 
pressure, and vibration are frequently classified as sep¬ 
arate sensations, they are all detected by the same 
types of receptors. There are only three differences 
among them: (1) touch sensation generally results 
from stimulation of tactile receptors in the skin or in 
tissues immediately beneath the skin; (2) pressure sen¬ 
sation generally results from deformation of deeper 
tissues; and (3) vibration sensation results from rapidly 
repetitive sensorv^ signals, but some of the same types 
of receptors as those for touch and pressure are 
utilized — specifically the very rapidly adapting types 
of receptors. 

The Tactile Receptors. At least six entirely different 
types of tactile receptors are known, but many more 
similar to these also exist. Some of these receptors were 
illustrated in Figure 8-1, and their special characteris¬ 
tics are the following: 

First, some free nerve endings, which are found ev¬ 
erywhere in the skin and in many other tissues, can 
detect touch and pressure. For instance, even light 
contact wdth the cornea of the eye, which contains no 
other type of nerv^e ending besides free nerv^e endings, 
can nevertheless elicit touch and pressure sensations. 

Second, a touch receptor of special sensitivity is 
Meissner's corpuscle, an elongated encapsulated nerv^e 
ending that excites a large (type A/?) myelinated sen- 
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sory nerve fiber. Inside the capsule are many whorls of 
terminal nerve filaments. These receptors are present 
in the nonhairy parts of the skin (called glabrous skin) 
and are particularly abundant in the fingertips, lips, 
and other areas of the skin where one's ability to dis¬ 
cern spatial characteristics of touch sensations is highly 
developed. Meissner's corpuscles adapt in a fraction of 
a second after they are stimulated, which means that 
they are particularly sensitive to movement of very 
light objects over the surface of the skin and also to low 
frequency vibration. 

Third, the fingertips and other areas that contain 
large numbers of Meissner's corpuscles also contain 
large numbers of expanded tip tactile receptors, one type 
of which is Merkel's discs, illustrated in Figure 9-1. 
The hairy parts of the skin also contain moderate num¬ 
bers of expanded tip receptors, even though they have 
almost no Meissner's corpuscles. These receptors 
differ from Meissner's corpuscles in that they transmit 
an initially strong but partially adapting signal and 
then a continuing weaker signal that adapts only 
slowly. Therefore, they are responsible for giving 
steady state signals that allow one to determine contin¬ 
uous touch of objects against the skin. Merkel's discs 
are often grouped together in a single receptor organ 
called the Iggo dome receptor, which projects upward 
against the underside of the epithelium, as also illus¬ 
trated in Figure 9 -1. This causes the epithelium at this 
point to protrude outward, thus creating a dome and 
constituting an extremely sensitive receptor. Also note 
that the entire group of Merkel's discs is innervated by 
a single large type of myelinated nerve fiber (type A/^). 
These receptors, along with the Meissner's corpuscles 
discussed above, play extremely important roles in lo¬ 
calizing touch sensations to the specific surface areas 
of the body and also in determining the texture of what 
is felt. 

Fourth, slight movement of any hair on the body 
stimulates the nerve fiber entwining its base. Thus, 


each hair and its basal nerve fiber, called the hair end- 
organ, is also a touch receptor. This receptor adapts 
readily and, therefore, like Meissner's corpuscles, de¬ 
tects mainly movement of objects on the surface of the 
body or initial contact with the body. 

Fifth, located in the deeper layers of the skin and 
also in deeper tissues are many Rufpni's end-organs, 
which are multibranched, encapsulated endings, as il¬ 
lustrated in Figure 8 -1. These endings adapt very little 
and, therefore, are important for signaling continuous 
states of deformation of the skin and deeper tissues, 
such as heavy and continuous touch signals and pres¬ 
sure signals. They are also found in joint capsules and 
help signal the degree of joint rotation. 

Sixth, pacinian corpuscles, which were discussed in 
detail in Chapter 8, lie both immediately beneath the 
skin and also deep in the fascial tissues of the body. 
These are stimulated only by very rapid movement of 
the tissues because they adapt in a few hundredths of a 
second. Therefore, they are particularly important for 
detecting tissue vibration or other extremely rapid 
changes in the mechanical state of the tissues. 

Transmission of Tactile Sensations in Peripheral 
Nerve Fibers, Almost all the specialized sensory re¬ 
ceptors, such as Meissner's corpuscles, Iggo dome re¬ 
ceptors, hair receptors, pacinian corpuscles, and Ruf- 
fini's endings, transmit their signals in type Afi nerve 
fibers, which have transmission velocities of 30 to 70 
m/sec. On the other hand, free nerve ending tactile 
receptors transmit signals mainly via the small type AS 
myelinated fibers, which conduct at velocities of 5 to 
30 m/sec. Some tactile free nerve endings transmit via 
type C unmyelinated fibers at velocities from a fraction 
of a meter up to 2 m/sec; these send signals into the 
spinal cord and lower brain stem, probably subserving 
mainly the sensation of tickle. Thus, the more critical 
types of sensory signals — those that help to determine 
precise localization on the skin, minute gradations of 
intensity, or rapid changes in sensory signal inten- 


Figure 9 - I , The Iggo dome receptor. 
Note the multiple numbers of Merkel's 
discs innervated by a single large myeli¬ 
nated fiber and abutting tightly the un¬ 
dersurface of the epithelium, (From Iggo 
and Muir: J. Physiol., 200:763, 1969.) 
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sity—are all transmitted in more rapidly conducting 
types of sensory nerve fibers. On the other hand, the 
cruder types of signals, such as crude pressure, poorly 
localized touch, and especially tickle, are transmitted 
via much slower nerve fibers that require much less 
space in the nerve bundle than the faster fibers. 


DETECTIOA OF VIBRATION 

All the different tactile receptors are involved in detec¬ 
tion of vibration, though different receptors detect dif¬ 
ferent frequencies of vibration. Pacinian corpuscles 
can signal vibrations from 30 to 800 cycles/sec, be¬ 
cause they respond extremely rapidly to minute and 
rapid deformations of the tissues, and they also trans¬ 
mit their signals over type Afi nerve fibers, which can 
transmit more than 1000 impulses/sec. 

Low frequency vibrations up to 80 cycles/sec, on 
the other hand, stimulate other tactile receptors — 
especially Meissner's corpuscles, which are less rap¬ 
idly adapting than pacinian corpuscles. 


TICKLE AAD ITCH 

Recent neurophysiological studies have demonstrated 
the existence of very sensitive, rapidly adapting, mech- 
anoreceptive free nerve endings that elicit only the 
tickle and itch sensations. Furthermore, these endings 
are found almost exclusively in the superficial layers of 
the skin, which is also the only tissue from which the 
tickle and itch sensations usually can be elicited. These 
sensations are transmitted by very small type C, unmy¬ 
elinated fibers similar to those that transmit the aching, 
slow type of pain. 

The purpose of the itch sensation is presumably to 
call attention to mild surface stimuli such as a flea 
crawling on the skin or a fly about to bite, and the 
elicited signals then excite the scratch reflex or other 
maneuvers that rid the host of the irritant. 

Itch can be relieved by the process of scratching if 
this removes the irritant or if the scratch is strong 
enough to elicit pain. The pain signals are believed to 
suppress the itch signals in the cord by the process of 
lateral inhibition, which will be described later. 


■ THE TWO SEXSORY 
PATHWAYS FOR 
TRAi\SMISSIO\ OF 
SOMATIC SIGiYALS IiXTO 
THE CEIVTRAL YERVOCS 
SYSTEM 

Almost all sensory information from the somatic seg¬ 
ments of the body enters the spinal cord through the 
dorsal roots of the spinal nerves (with the exception of 
a few very small fibers of questionable importance that 


enter the ventral roots). However, from the entry point 
of the cord and then to the brain the sensory signals are 
carried through one of two alternate sensory path¬ 
ways: (1) the dorsal column-lemniscal system; and (2) 
the anterolateral system. These two systems again come 
together partially at the level of the thalamus. 

The dorsal column-lemniscal system, as its name 
implies, carries signals mainly in the dorsal columns of 
the cord and then, after crossing to the opposite side in 
the medulla, upward through the brain stem to the 
thalamus by way of the medial lemniscus. On the other 
hand, signals of the anterolateral system, after origi¬ 
nating in the dorsal horns of the spinal gray matter, 
cross to the opposite side of the cord and ascend 
through the anterior and lateral white columns to ter¬ 
minate at all levels of the brain stem and also in the 
thalamus. 

The dorsal column-lemniscal system is composed 
of large, myelinated nerve fibers that transmit signals 
to the brain at velocities of 30 to 110 m/sec, whereas 
the anterolateral system is composed of much smaller 
myelinated fibers (averaging 4 //m in diameter) that 
transmit signals at velocities ranging from a few meters 
per second up to 40 m/sec. 

Another difference between the two systems is that 
the dorsal column-lemniscal system has a very high 
degree of spatial orientation of the nerve fibers with 
respect to their origin on the surface of the body, 
whereas the anterolateral system has a much smaller 
degree of spatial orientation. 

These differences immediately characterize the 
types of sensory information that can be transmitted 
by the two systems. That is, sensory information that 
must be transmitted rapidly and with temporal and 
spatial fidelity is transmitted in the dorsal column- 
lemniscal system, while that which does not need to be 
transmitted rapidly nor with great spatial fidelity is 
transmitted mainly in the anterolateral system. On the 
other hand, the anterolateral system has a special ca¬ 
pability that the dorsal system does not have; the abil¬ 
ity to transmit a broad spectrum of sensory modali¬ 
ties—pain, warmth, cold, and crude tactile sensations; 
the dorsal system is limited to the more discrete types 
of mechanoreceptive sensations alone. 

With this differentiation in mind we can now list the 
types of sensations transmitted in the two systems: 


THE DORSAL COLUALX- 
LEHMSCAL SXSTEH 

1. Touch sensations requiring a high degree of lo¬ 
calization of the stimulus. 

2. Touch sensations requiring transmission of fine 
gradations of intensity. 

3. Phasic sensations, such as vibratory sensations. 

4. Sensations that signal movement against the 
skin. 

5. Position sensations. 

6. Pressure sensations having to do with fine de¬ 
grees of judgment of pressure intensity. 
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THE ANTEROLATERAL STSTEM 

1. Pain. 

2. Thermal sensations, including both warm and 
cold sensations. 

3. Crude touch and pressure sensations capable of 
only crude localizing ability on the surface of the body. 

4. Tickle and itch sensations. 

5. Sexual sensations. 


■ TRAIV8IVfl8SIO\ I\ THE DOR8AL 
COEUIVIi\-EElVli\I8CAL 8V8TEM 

AXATOMV OF THE DORSAL 
COLVHX’-LEHNISCAL SVSTEH 

On entering the spinal cord from the spinal nerve dorsal 
roots, the large myelinated fibers from specialized mechano- 
receptors pass medially into the lateral margin of the dorsal 
white columns. However, almost immediately each fiber di¬ 
vides to form a medial branch and a lateral branch, as illus¬ 
trated by the medial fiber from the dorsal root in Figure 9-2. 
The medial branch turns upward in the dorsal column and 
proceeds by way of the dorsal column pathway to the brain. 

The lateral branch enters the dorsal horn of the cord gray 
matter and then divides many times, synapsing with neu¬ 
rons in almost all parts of the intermediate and anterior por¬ 
tions of the cord gray matter. The neurons that are excited, in 
turn, serve three functions: (1) A few of them give off sec¬ 
ond-order fibers that re-enter the dorsal column, to make up 
about 15 per cent of all the dorsal column fibers; and a few 
other second-order fibers enter the posterolateral column, 
forming the spinocervical tract, which rejoins the dorsal col¬ 
umn system in the neck and low medulla. (2) Many of the 
neurons elicit local spinal cord reflexes, which will be dis¬ 
cussed in Chapter 16. (3) Others give rise to the spinocere¬ 
bellar tracts, which we will discuss in Chapter 18 in relation 
to the function of the cerebellum. 

The Dorsal Column-Medial Lemniscal Pathway. Note 
in Figure 9-3 that the nerve fibers entering the dorsal col¬ 
umns pass uninterrupted up to the medulla, where they syn¬ 
apse in the dorsal column nuclei (the cuneate and gracile nu¬ 
clei). From here, second-order neurons decussate immediately 



Figure 9-a. Cross-section of the spinal cord, showing the ana¬ 
tomical laminae I through IX of the cord gray matter and the 
ascending sensory tracts in the white columns of the spinal cord. 


Cortex 



Figure 9-3, The dorsal column and spinocervical pathways for 
transmitting critical types of tactile signals. (Modified from Ranson 
and Clark: Anatomy of the Nervous System. Philadelphia, \V'. B. 
Saunders Company, 1959.) 

to the opposite side and then continue upward to the thala¬ 
mus through bilateral pathways called the medial lemnisci. In 
this pathway through the brain stem, the medial lemniscus is 
joined by additional fibers from the main sensory nucleus of 
the trigeminal nerve and from the upper portion of its descend¬ 
ing nuclei; these fibers subserve the same sensory functions 
for the head that the dorsal column fibers subserve for the 
body. 

In the thalamus, the medial lemniscal fibers from the dor¬ 
sal columns terminate in the ventral posterolateral nucleus, 
whereas those from the trigeminal nuclei terminate in the 
ventral posteromedial nucleus. These two nuclei, along with 
the posterior thalamic nuclei, where some fibers from the 
anterolateral system terminate, are together called the ven- 
trobasal complex. From the ventrobasal complex, third-order 
nerve fibers project, as shown in Figure 9-4, mainly to the 
postcentral gyrus of the cerebral cortex, which is called somatic 
sensory area I (S-I area). In addition, fewer fibers project to the 
lowermost lateral portion of each parietal lobe, an area called 
somatic sensory area 11 (S-11 area). 

Spatial Orientation of the \€*ri e Fibers 
in the Dorsal Eolumn Lemniscal System 

One of the distinguishing features of the dorsal 
column-lemniscal system is a distinct spatial orienta- 
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Figure 9 — 4. Projection of the dorsal column-lemniscal system 
from the thalamus to the somatic sensory cortex. (Modified from 
Brodal: Neurological Anatomy in Relation to Clinical Medicine. 
New York, Oxford University Press, 1969.) 


tion of nerve fibers from the individual parts of the 
body that is maintained throughout. For instance, in 
the dorsal columns, the fibers from the lower parts of 
the body lie toward the center, while those that enter 
the spinal cord at progressively higher segmental 
levels form successive layers laterally. 

In the thalamus, the distinct spatial orientation is 
still maintained, with the tail end of the body repre¬ 
sented by the most lateral portions of the ventrobasal 
complex and the head and face represented in the me¬ 
dial component of the complex. However, because of 
the crossing of the medial lemnisci in the medulla, the 
left side of the body is represented in the right side of 
the thalamus, and the right side of the body is repre¬ 
sented in the left side of the thalamus. 


THE SOAtATIC SEASORY CORTEX 

Before discussing the role of the cerebral cortex in so¬ 
matic sensation, we need to give an orientation to the 
various areas of the cortex. Figure 9 - 5 is a map of the 
human cerebral cortex, showing that it is divided into 
about 50 distinct areas called Brodmann areas based on 
histological structural differences. The map itself is 
important because it has come to be used by virtually 
all neurophysiologists and neurologists in referring to 
the different functional areas of the human cortex. 

Note in the figure the large central fissure (also called 
"'central sulcus"') that extends horizontally across the 
brain. In general, sensory signals from all modalities of 
sensation terminate in the cerebral cortex posterior to 
the central fissure. Most importantly, the somatic sen¬ 
sory cortex lies immediately behind the central fissure, 
located mainly in Brodmann areas 1, 2, 3, 5, 7, and 40. 
By and large, these constitute the parietal lobe of the 
cortex. In addition, visual signals terminate in the oc¬ 



Figure 9 — 5. Structurally distinct areas, called “Brodmann 
areas,” of the human cerebral cortex. (From Everett: Functional 
Neuroanatomy, 5th Ed. Philadelphia, Lea Febiger, 1965. Modi¬ 
fied from Brodmann.) 


cipital lobe; and auditory signals, in the temporal lobe. 

The portion of the cortex anterior to the central fis¬ 
sure is devoted to motor control of the body and to 
some aspects of analytical thought. 

The two distinct and separate areas known to re¬ 
ceive direct afferent nerve fibers from the somesthetic 
relay nuclei in the ventrobasal complex of the thala¬ 
mus (5-1 area and S-II area), are illustrated in Figure 
9-6. However, somatic sensory area 1 is so much more 
important to the sensory functions of the body than is 
somatic sensory area II that in popular usage the term 
""somatic sensory cortex" most often is used to mean 
area I. 

Projection of the Body in Somatic Sensory Area I. 
Somatic sensory area I lies in the postcentral gyrus of 
the human cerebral cortex (in Brodmann areas 3, 1, 
and 2). A distinct spatial orientation exists in this area 
for reception of nerve signals from the different areas 
of the body. Figure 9-7 illustrates a cross-section 
through the brain at the level of the postcentral gyrus, 
showing the representations of the different parts of 
the body in separate regions of somatic sensory area 1. 
Note, however, that each side of the cortex receives 
sensory information exclusively from the opposite side 


Somatic sensory 



Figure 9 — 6. The two somatic sensory cortical areas, somatic 
sensory areas I and II. 
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Figure 9-7. Representation of the different areas of the body in 
the somatic sensory area I of the cortex. (From Penfield and Ras¬ 
mussen: Cerebral Cortex of Man: A Clinical Study of Localization 
of Function. New York, Macmillan Company, 1968.) 


of the body (with the exception of a small amount of 
sensory information from the same side of the face). 

Some areas of the body are represented by large 
areas in the somatic cortex — the lips the greatest of all, 
followed by the face and thumb — whereas the entire 
trunk and lower part of the body are represented by 
relatively small areas. The sizes of these areas are di¬ 
rectly proportional to the number of specialized sen¬ 
sory receptors in each respective peripheral area of the 
body. For instance, a great number of specialized nerve 
endings are found in the lips and thumb, whereas only 
a few are present in the skin of the trunk. 

Note also that the head is represented in the most 
lateral portion of somatic sensory area I, whereas the 
lower part of the body is represented medially. 

Somatic Sensory Area II. The second cortical area to 
which thalamic somatic fibers project, somatic sensory area 
II, is much smaller and lies posterior and inferior to the lateral 
end of somatic sensory area I, as shown in Figure 9-6. The 
degree of localization of the different parts of the body is 
very poor in this area, compared with somatic sensory area I. 
The face is represented anteriorly, the arms centrally, and the 
legs posteriorly. 

So little is known about the function of somatic sensory 
area II that it cannot be discussed intelligently. It is known 
that signals enter this area from both sides of the body, from 
somatic sensory area I, and also from other sensory areas of 
the brain, such as visual and auditory signals. Also, in lower 
animals, ablation of this area makes it difficult for the animal 
to learn to discriminate different shapes of objects. 

The Layers of the Somatic Sensory 
Cortex and Their Function 

The cerebral cortex contains six separate layers of neu¬ 
rons, beginning with layer I next to the surface and 
extending progressively deeper to layer VI, as illus¬ 


trated in Figure 9-8. As would be expected, the neu¬ 
rons in each layer perform functions different from 
those in other layers. Some of these functions are as 
follows: 

1. The incoming sensory signal excites mainly neu¬ 
ronal layer IV first; then the signal spreads toward the 
surface of the cortex and also toward the deeper layers. 

2. Layers I and II receive a diffuse, nonspecific input 
from lower brain centers that can facilitate a whole 
region of the cortex at once; this system will be de¬ 
scribed in Chapter 19. This input perhaps controls the 
overall level of excitability of the region stimulated. 

3. The neurons in layers II and III send axons to 
other closely related portions of the cerebral cortex. 

4. The neurons in layers V and VI send axons to 
more distant parts of the nervous system. Those in 
layer V are generally larger and project to more distant 
areas. For instance, many of these pass all the way into 
the brain stem and spinal cord to provide control sig¬ 
nals to these areas. From layer VI, especially large 
numbers of axons extend to the thalamus, providing 
feedback signals from the cerebral cortex to the thal¬ 
amus. 

Representation of the Different Sensory 
Modalities in the Somatic Sensory 
Cortex — The Vertical Columns of 
iXeurons 

Functionally, the neurons of the somatic sensory cor¬ 
tex are arranged in vertical columns extending all the 



Figure 9 — 8 . Structure of the cerebral corte.x, illustrating /, mo¬ 
lecular layer; II, external granular layer; III, laver of jn ramidal 
cells; /\', internal granular layer; \', large pyramidal cell layer; and 
\7, layer of fusiform or polymorphic cells. (From Hanson and 
Clark [after BrodmannJ. Anatomy of the Nervous System. Philadel¬ 
phia, W B Saunders Company, 1959.) 
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way through the six layers of the cortex, each column 
having a diameter of 0.3 to 0.5 mm and containing 
perhaps 10,000 neuronal cell bodies. Each of these 
columns serves a single specific sensory modality, 
some columns responding to stretch receptors around 
joints, some to stimulation of tactile hairs, others to 
discrete localized pressure points on the skin, and so 
forth. Furthermore, the columns for the different mo¬ 
dalities are interspersed among each other. At layer IV, 
where the signals first enter the cord, the columns of 
neurons function almost entirely separately from each 
other. However, at other levels of the columns interac¬ 
tions occur that allow beginning analysis of the mean¬ 
ings of the sensory signals. 

In the most anterior portion of the postcentral gyrus, 
located deep in the central fissure, in Brodmann area 
3a, a disproportionately large share of the vertical col¬ 
umns respond to muscle, tendon, or joint stretch re¬ 
ceptors. Many of the signals from these in turn spread 
directly to the motor cortex located immediately ante¬ 
rior to the central fissure and help control muscle func¬ 
tion. As one proceeds more posteriorly in somatic sen¬ 
sory cortex I, more and more of the vertical columns 
respond to the slowly adapting cutaneous receptors, 
and then still farther posteriorly greater numbers of the 
columns are sensitive to deep pressure. 

In the most posterior portion of somatic sensory area 
I, about 6 per cent of the vertical columns respond only 
when a stimulus moves across the skin in a particular 
direction. Thus, this is a still higher order of interpreta¬ 
tion of sensory signals; and the process becomes even 
more complex still farther posteriorly in the parietal 
cortex, which is called the somatic association area, as 
we discuss subsequently. 

Functions of Somatic Sensory Area I 

The functional capabilities of different areas of the 
somatic sensory cortex have been determined by selec¬ 
tive excision of the different portions. Widespread ex¬ 
cision of somatic sensory area I causes loss of the fol¬ 
lowing types of sensory judgment: 

1. The person is unable to localize discretely the 
different sensations in the different parts of the body. 
However, he or she can localize these sensations very 
crudely, such as to a particular hand, which indicates 
that the thalamus or parts of the cerebral cortex not 
normally considered to be concerned with somatic 
sensations can perform some degree of localization. 

2. He is unable to judge critical degrees of pressure 
against his body. 

3. He is unable to judge exactly the weights of ob¬ 
jects. 

4. He is unable to judge shapes or forms of objects. 
This is called astereognosis. 

5. He is unable to judge texture of materials, for this 
type of judgment depends on highly critical sensations 
caused by movement of the skin over the surface to be 
judged. 

Note in the list that nothing has been said about loss 
of pain and temperature sense. However, in the ab¬ 


sence of somatic sensory area I, the appreciation of 
these sensory modalities may be altered either in qual¬ 
ity or in intensity. But more importantly, the pain and 
temperature sensations that do occur are poorly local¬ 
ized, indicating that both pain and temperature locali¬ 
zation probably depend mainly upon simultaneous 
stimulation of tactile stimuli, using the topographical 
map of the body in somatic sensory area I to localize 
the source. 

SOMATIC ASSOCIATMOIV AREAS 

Brodmann areas 5 and 7 of the cerebral cortex, which 
are located in the parietal cortex behind somatic sen¬ 
sory area I and above somatic sensory area II, play 
important roles in deciphering the sensory information 
that enters the somatic sensory areas. Therefore, these 
areas are called the somatic association areas. 

Electrical stimulation in the somatic association area 
can occasionally cause a person to experience a com¬ 
plex somatic sensation, sometimes even the '"feeling" 
of an object such as a knife or a ball. Therefore, it seems 
clear that the somatic association area combines infor¬ 
mation from multiple points in the somatic sensory 
area to decipher its meaning. This also fits with the 
anatomical arrangement of the neuronal tracts that 
enter the somatic association area, for it receives sig¬ 
nals from (1) somatic sensory area I, (2) the ventrobasal 
nuclei of the thalamus, (3) other areas of the thalamus, 
(4) the visual cortex, and (5) the auditory cortex. 

Effect of Removing the Somatic Association 
Area — Amorphosynthesis. When the somatic associ¬ 
ation area is removed, the person loses the ability to 
recognize complex objects and complex forms by the 
process of feeling them. In addition, he or she loses 
most of the sense of form of his or her own body. 
Especially interesting, the person is mainly oblivious to 
the opposite side of the body—that is, forgets that it is 
there. Therefore, he also often forgets to use the other 
side for motor functions as well. Likewise, when feel¬ 
ing objects, the person will tend to feel only one side of 
the object and to forget that the other side even exists. 
This complex sensory deficit is called amorphosyn¬ 
thesis. 

OVERALL CHARACTERISTICS OF 
SIGIVAL TRAIVSMISSIOIV AMD 
AMALVSIS liV THE DORSAL 
COLVIMM-LEMMISCAL SYSTEM 

Basic Neuronal Circuit and Discharge Cortical 
"Field" in the Dorsal Column “Lemniscal System. 
The lower part of Figure 9-9 illustrates the basic orga¬ 
nization of the neuronal circuit of the dorsal column 
pathway, showing that at each synaptic stage diver¬ 
gence occurs. However, the upper part of the figure 
shows that a single receptor stimulus on the skin does 
not cause all the cortical neurons with which that re¬ 
ceptor connects to discharge at the same rate. Instead, 
the cortical neurons that discharge to the greatest ex¬ 
tent are those in a central part of the cortical "field" for 
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each respective receptor. Thus, a weak stimulus causes 
only the centralmost neurons to fire, A stronger stimu¬ 
lus causes still more neurons to fire, but those in the 
center still discharge at a considerably more rapid rate 
than do those farther away from the center. 

Two-Point Discrimination. A method frequently 
used to test tactile capabilities is to determine a per¬ 
son's so-called "two-point discriminatory ability." In 
this test, two needles are pressed lightly against the 
skin, and the subject determines whether two points of 
stimulus are felt or one point. On the tips of the fingers 
a person can distinguish two separate points even 
when the needles are as close together as 1 to 2 mm. 
However, on the person's back, the needles must usu¬ 
ally be as far apart as 30 to 70 mm before two separate 
points can be detected. The reason for this difference is 
the different numbers of specialized tactile receptors in 
the two areas. 

Figure 9 -10 illustrates the mechanism by which the 
dorsal column pathway, and all other sensory path¬ 
ways as well, transmit two-point discriminatory infor¬ 
mation. This figure shows two adjacent points on the 
skin that are strongly stimulated, and it also shows the 
area of the somatic sensory cortex (greatly enlarged) 
that is excited by signals from the two stimulated 
points. The solid black curve shows the spatial pattern 
of cortical excitation when both skin points are stimu¬ 
lated simultaneously. Note that the resultant zone of 



Figure 9-10. Transmission of signals to the cortex from two 
adjacent pinpoint stimuli. The solid black curve represents the 
pattern of cortical stimulation without “surround” inhibition, and 
the two colored curves represent the pattern with “surround” 
inhibition. 


excitation has two separate peaks. It is these two peaks, 
separated by a valley, that allow the sensory cortex to 
detect the presence of two stimulatory points, rather 
than a single point. However, the capability of the 
sensorium to distinguish between two points of stimu¬ 
lation is strongly influenced by another mechanism, 
lateral mhibition, as explained in the following section. 

Effect of Lateral Inhibition in Increasing the De¬ 
gree of Contrast in the Perceived Spatial Pattern. It 
was pointed out in Chapter 8 that virtually every sen¬ 
sory pathway, when excited, gives rise simultaneously 
to lateral inhibitory signals; these spread to the sides of 
the excitatory signal and inhibit adjacent neurons. For 
instance, consider an excited neuron in a dorsal col¬ 
umn nucleus. Aside from the central excitatory signal, 
short collateral fibers transmit inhibitory signals to the 
surrounding neurons. Some of these pass through an 
additional intemeuron that secretes an inhibitory 
transmitter, and others pass directly to presynaptic ter¬ 
minals on the adjacent neurons and inhibit them by 
the mechanism of presynaptic inhibition. 

The importance of lateral inhibition is that it blocks 
lateral spread of the excitatory signals and therefore 
increases the degree of contrast in the sensory pattern 
perceived in the cerebral cortex. 

In the case of the dorsal column system, lateral in¬ 
hibitory signals occur at each synaptic level, for in¬ 
stance in the dorsal column nuclei, in the ventrobasal 
nuclei of the thalamus, and in the cortex itself. At each 
of these levels, the lateral inhibition helps to block 
lateral spread of the excitatory signal. As a result, the 
peaks of excitation stand out, and much of the sur¬ 
rounding diffuse stimulation is blocked. This effect is 
illustrated by the two colored curves in Figure 9-10, 
showing complete separation of the peaks when the 
intensity of the lateral inhibition, also called surround 
inhibition, is very great. Obviously, this mechanism 
accentuates the contrast between the areas of peak 
stimulation and the surrounding areas, thus greatly 
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increasing the contrast or sharpness of the perceived 
spatial pattern. 

Transmission of Rapidly Changing and Repeti¬ 
tive Sensations. The dorsal column system is of partic¬ 
ular value for apprising the sensorium of rapidly 
changing peripheral conditions. This system can ''fol¬ 
low'' changing stimuli up to at least 400 cycles/sec and 
can "detect" changes as high as 700 cycles. 

Vibratory Sensation. Vibratory signals are rapidly 
repetitive and can be detected as vibration up to 700 
cycles/sec. The higher frequency vibratory signals 
originate from the pacinian corpuscles, but lower fre¬ 
quency (below about 100/sec) signals can originate 
from Meissner's corpuscles as well. These signals are 
transmitted only in the dorsal column pathway. For 
this reason, application of vibration with a tuning fork 
to different peripheral parts of the body is an impor¬ 
tant tool used by the neurologist for testing the func¬ 
tional integrity of the dorsal columns. 


PSYCHIC IDITERPRETATIOS OF SEI^SORY 
STIHVLVS IIYTEIYSITY 

The ultimate goal of most sensory stimulation is to apprise 
the mind of the state of the body and its surroundings. 
Therefore, it is important that we discuss briefly some of the 
principles related to the transmission of sensory stimulus 
intensity to the higher levels of the nervous system. 

The first question that comes to mind is: How is it possible 
for the sensory system to transmit sensory experiences of 
tremendously varying intensities? For instance, the auditory 
system can detect the weakest possible whisper but can also 
discern the meanings of an explosive sound only a few feet 
away, even though the sound intensities of these two experi¬ 
ences can vary by more than 10 billion times; the eyes can see 
visual images with light intensities that vary by as much as a 
half million times; or the skin can detect pressure differences 
of 10,000 to 100,000 times. 

As a partial explanation of these effects. Figure 8-4 in 
the previous chapter showed the relationship of the recep¬ 
tor potential produced by the pacinian corpuscle to the inten¬ 
sity of the sensory stimulus. At low stimulus strength, very 
slight changes in strength increase the potential mark¬ 
edly, whereas at high levels of stimulus strength, further in¬ 
creases in receptor potential are very slight. Thus, the pacin¬ 
ian corpuscle is capable of accurately measuring extremely 
minute changes in stimulus strength at low intensity levels, 
but at high intensity levels the change in stimulus strength 
must be much greater to cause the same amount of change in 
receptor potential. 

The transduction mechanism for detecting sound by the 
cochlea of the ear illustrates still another method for separat¬ 
ing gradations of stimulus intensity. When sound causes vi¬ 
bration at a specific point on the basilar membrane, weak 
vibration stimulates only those hair cells at the point of max¬ 
imum vibration. But as the vibration intensity increases, not 
only do these hair cells become more intensely stimulated, 
but still many more hair cells in each direction farther away 
from the maximum vibratory point also become stimulated. 
Thus, signals transmitted over progressively increasing 
numbers of nerve fibers is another mechanism by which 
stimulus strength is transmitted into the central nervous sys¬ 
tem. This mechanism, plus the direct effect of stimulus 
strength on impulse rate in each nerve fiber, as well as sev¬ 
eral other mechanisms, makes it possible for most sensory 


systems to operate reasonably faithfully at stimulus intensity 
levels changing by more than hundreds of thousands to bil¬ 
lions of times. 

Importance of the Tremendous Intensity Range of Sen¬ 
sory Reception. Were it not for the tremendous intensity 
range of sensory reception that we can experience, the var¬ 
ious sensory systems would more often than not operate in 
the wrong range. This is illustrated by the attempts of most 
persons to adjust the light exposure on a camera without 
using a light meter. Left to intuitive judgment of light inten¬ 
sity, a person almost always overexposes the film on very 
bright days and greatly underexposes the film at hvilight. Yet 
that person's eyes are capable of discriminating with great 
detail the visual objects in both very bright sunlight and at 
twilight; the camera cannot do this because of the narrow 
critical range of light intensity required for proper exposure 
of film. 


JVDGHEIYT OF STIMVLVS IJVTEIVSITY 

Physiopsychologists have evolved numerous methods for 
testing one's judgment of sensory stimulus intensity, but 
only rarely do the results from the different methods agree 
with each other. Yet the basic principle of decreasing inten¬ 
sity discrimination as the sensory intensity increases is appli¬ 
cable to virtually all sensory modalities. Two formulations of 
this principle are widely discussed in the physiopsychology 
field of sensory interpretation: the Weber-Fechner principle 
and the power principle. 

The Weber-Fechner Principle — Detection of ''Ratio" of 
Stimulus Strength. In the mid-1800s, Weber first and 
Fechner later proposed the principle that gradations of stimu¬ 
lus strength are discriminated approximately in proportion to 
the logarithm of stimulus strength. That is, a typical test of this 
principle might show that a person can barely detect a 1 -g 
increase in weight when holding 30 g or a 10-g increase 
when holding 300 g. Thus, the ratio of the change in stimu¬ 
lus strength required for detection of a change remains es¬ 
sentially constant, about 1 to 30, which is what the logarith¬ 
mic principle means. To express this mathematically. 

Interpreted signal strength = log (Stimulus) -f Constant 

More recently it has become evident that the Weber-Fechner 
principle is quantitatively accurate only for the higher inten¬ 
sities of visual, auditory, and cutaneous sensory experience 
and applies only poorly to most other types of sensory expe¬ 
rience. 

Yet the Weber-Fechner principle is still a good one to re¬ 
member because it emphasizes that the greater the back¬ 
ground sensory intensity, the greater also must be the addi¬ 
tional change in stimulus strength in order for the mind to 
detect the change. 

The Power Law'. Another attempt by physiopsychologists 
to find a good mathematical relationship is the following 
formula, known as the power law: 

Interpreted signal strength — K • (Stimulus — k)>’ 

In this formula the exponent y and the constants K and k are 
different for each type of sensation. 

When this power law relationship is plotted on a graph 
using double logarithmic coordinates, as illustrated in Figure 
9-11, a linear relationship can be attained between inter¬ 
preted stimulus strength and actual stimulus strength over a 
large range for almost any type of sensory perception. How- 
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Stimulus strength (arbitrary units) 

Fi^re 9—11. Graphical demonstration of the ’‘power law” rela¬ 
tionship between actual stimulus strength and strength that the 
psyche interprets it to be. Note that the power law does not hold at 
either very weak or very strong stimulus strengths. 

ever, as illustrated in the figure, even this power law rela¬ 
tionship fails to hold satisfactorily at both very low and very 
high stimulus strengths. 


THE POSITWiX SEiXSES 

The position senses are frequently also called proprio¬ 
ceptive senses. They can be divided into two subtypes: 
(1) static position sense, which means conscious orien¬ 
tation of the different parts of the body with respect to 
each other; and (2) rate of movement sense, also called 
kinesthesia or dynamic proprioception. 

The Position Sensory Receptors. Knowledge of po¬ 
sition, both static and dynamic, depends upon know¬ 
ing the degrees of angulation of all joints in all planes 
and their rates of change. Therefore, multiple different 
types of receptors help to determine joint angulation 
and are used together for position sense. Furthermore, 
both skin tactile receptors and deep receptors near the 
joints are also used. In the case of the fingers, where 
skin receptors are in great abundance, as m.uch as half 
of position recognition is probably detected through 
the skin receptors. On the other hand, for most of the 
larger joints of the body, deep receptors are more im¬ 
portant. 

For determining joint angulation in midranges of 
motion, the most important receptors are believed to 
be the muscle spindles. These are also exceedingly im¬ 
portant in helping to control muscle movement, as we 
see in Chapter 16. When the angle of a joint is chang¬ 
ing, some muscles are being stretched while others are 
loosened, and the stretch information from the spin¬ 
dles is passed into the computational system of the 
spinal cord and higher regions of the dorsal column 
system for deciphering the complex interrelations of 
joint angulations. 

At the extremes of joint angulation, the stretch of the 
ligaments and deep tissues around the joints is an ad¬ 
ditional important factor in determining position. 



Fi^re 9 — 12. Typical responses of five different neurons in the 
knee joint receptor field of the thalamic ventrobasal complex 
when the knee joint is moved through its range of motion. (The 
curves were constructed from data in Mountcastle et al.: J. Xeuro- 
physiol., 26:807, 1963.) 


Some types of endings used for this are the pacinian 
corpuscles, Ruffini's endings, and receptors similar to 
the Golgi tendon receptors found in muscle tendons. 

The pacinian corpuscles and muscle spindles are es¬ 
pecially adapted for detecting rapid rates of change. 
Therefore, it is likely that these are the receptors most 
responsible for detecting rate of movement. 

Processing of Position Sense Information in the 
Dorsal Column-Lemniscal Pathway. Despite the 
usual faithfulness of transmission of signals from the 
periphery to the sensory cortex in the dorsal column- 
lemniscal system, there nevertheless seems to be some 
processing of position sense signals before they reach 
the cerebral cortex. For instance, individual joint re¬ 
ceptors are stimulated maximally at specific degrees of 
rotation of the joint, with the intensity of stimulation 
decreasing on either side of the maximal point for each 
receptor. However, the static position signal for joint 
rotation is quite different at the level of the thalamus, 
as can be seen by referring to Figure 9-12. This figure 
shows that the thalamic neurons that respond to joint 
rotation are of two types: (1) those maximally stimu¬ 
lated when the joint is at full rotation; and (2) those 
maximally stimulated when the joint is at minimal ro¬ 
tation. In each case, as the degree of rotation changes, 
the rate of stimulation of the neuron either decreases or 
increases, depending on the direction in which the 
joint is being rotated. Furthermore, the intensity of 
neuronal excitation changes over angles of 40 to 60 
degrees of angulation, in contrast to 20 to 30 degrees 
for the individual joint receptors. Thus, the signals 
from the individual joint receptors have been inte¬ 
grated in the space domain by the time they reach the 
thalamic neurons, illustrating some degree of process¬ 
ing of the signals either in the cord or in the thalamus. 

■ TRAi\SMISSIOi\ L\ THE 
A\TEHOLATERAL SYSTEM 

The anterolateral system, in contrast to the dorsal col¬ 
umn system, transmits sensory signals that do not re- 
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quire highly discrete localization of the signal source 
and also that do not require discrimination of fine gra¬ 
dations of intensity. These include pain, heat, cold, 
crude tactile, tickle and itch, and sexual sensations. In 
the following chapter pain and temperature sensations 
are discussed; the present chapter is still concerned 
principally with transmission of the tactile sensations, 
but now with the less acute types. 


AjXATOMV of the axterolateral 

PATHWAY 

The anterolateral fibers originate mainly in laminae I, IV, V, 
and VI (see Fig. 9-2) in the dorsal horns, where many of the 
dorsal root sensory nerve fibers terminate after entering the 
cord. Then, as illustrated in Figure 9-13, the fibers cross in 
the anterior commissure of the cord to the opposite anterior 
and lateral white columns, where they turn upward toward 
the brain. These fibers ascend rather diffusely throughout 
the anterolateral columns. However, anatomical studies 
suggest a partial differentiation of this pathway into an ante¬ 
rior division, called the anterior spinothalamic tract, and a 
lateral division, called the lateral spinothalamic tract. Also 
encompassed in the anterolateral pathway are a spinoreticu¬ 
larpathway (to the reticular substance of the brain stem) and 
a spinotectal tract (to the tectum of the mesencephalon). 


Cortex 



Figure 9-13. The anterior and lateral divisions of the anterolat¬ 
eral pathway. 


However, it has been difficult to make these differentiations 
using electrical recording techniques. 

The upper terminus of the anterolateral pathway is mainly 
twofold: (1) throughout the reticular nuclei of the brain stem; 
and (2) in two different nuclear complexes of the thalamus, 
the ventrobasal complex and the intralaminar nuclei. In gen¬ 
eral, the tactile signals are transmitted mainly into the ven¬ 
trobasal complex, terminating in the same ventral posterior 
lateral and medial nuclei as the dorsal column system, and 
this is probably also true for the temperature signals. From 
here, the tactile signals are transmitted to the somatosensory 
cortex along with the signals from the dorsal columns. On 
the other hand, only part of the pain signals project to this 
complex. Instead, most of these enter the reticular nuclei of 
the brain stem and via relay from the brain stem to the intra¬ 
laminar nuclei of the thalamus, as is discussed in greater 
detail in the following chapter. 

Characteristics of Transmission in the Anterolat¬ 
eral Pathway. In general, the same principles apply to 
transmission in the anterolateral pathway as in the 
dorsal column - lemniscal system except for the fol¬ 
lowing differences: (1) the velocities of transmission 
are only one-third to one-half those in the dorsal 
column-lemniscal system, ranging between 8 and 40 
m/sec; (2) the degree of spatial localization of signals is 
poor, especially in the pain pathways; (3) the grada¬ 
tions of intensities are also far less accurate, most of the 
sensations being recognized in 10 to 20 gradations of 
strength, rather than as many as 100 gradations for the 
dorsal column system; and (4) the ability to transmit 
rapidly repetitive signals is poor. 

Thus, it is evident that the anterolateral system is a 
cruder type of transmission system than the dorsal 
column-lemniscal system. Even so, certain modalities 
of sensation are transmitted only in this system and not 
at all in the dorsal column-lemniscal system. These 
are pain, thermal, tickle and itch, and sexual sensations 
in addition to crude touch and pressure. 


■ SOME SPECIAL ASPECTS OF SOMATIC 
SEIVSORV FlJi\CTIO\ 

Function of the Thalamus in Somatic 
Sensation 

When the somatosensory cortex of a human being is de¬ 
stroyed, that person loses most critical tactile sensibilities, 
but a slight degree of crude tactile sensibility does return. 
Therefore, it must be assumed that the thalamus (as well as 
other lower centers) has a slight ability to discriminate tactile 
sensation even though the thalamus normally functions 
mainly to relay this type of information to the cortex. 

On the other hand, loss of the somatosensory cortex has 
little effect on one's perception of pain sensation and only a 
moderate effect on the perception of temperature. Therefore, 
there is much reason to believe that the brain stem, the thala¬ 
mus, and other associated basal regions of the brain play 
perhaps the dominant role in discrimination of these sensi¬ 
bilities. It is interesting that these sensibilities appeared very 
early in the phylogenetic development of animalhood, 
whereas the critical tactile sensibilities were a late develop¬ 
ment. 
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CORTICAL CONTROL OF SEXSORV 
SEXSITIVITV — ‘‘CORTICOFLGAL** SIGXALS 

In addition to somatic sensory signals transmitted from the 
periphery to the brain, "corticofugar' signals are transmitted 
in the backward direction from the cerebral cortex to the 
lower sensory relay stations of the thalamus, medulla, and 
spinal cord; these control the sensitivity of the sensory input. 
T^e corticofugal signals are inhibitory, so that when the 
input intensity becomes too great, the corticofugal signals 
automatically decrease the transmission in the relay nuclei. 
Obviously, this does two things: First, it decreases lateral 
spread of the sensory signals into adjacent neurons and 
therefore increases the contrast of the signal pattern. Second, 
it keeps the sensory system operating in a range of sensitivity 
that is not so low that the signals are ineffectual nor so high 
that the system is swamped beyond its capacity to differen¬ 
tiate sensory patterns. 

This principle of corticofugal sensory control is utilized by 
all of the different sensory systems, not only the somatic 
system, as we shall see in subsequent chapters. 


SEGREXTAL FIELDS OF SEXSATIOX — 

THE DERHATOHES 

Each spinal nerve innervates a "segmental field" of the skin 
called a dermatome. The different dermatomes are illustrated 
in Figure 9-14. However, these are shown as if there were 
distinct borders between the adjacent dermatomes, which is 
far from true, because much overlap exists from segment to 
segment. 

The figure shows that the anal region of the body lies in 



Figure 9 — 14. The dermatomes. (.Modified from Grinker and 
Sahs: Xeurology. Springfield, Ill., Charles C Thomas, 1966.) 


the dermatome of the most distal cord segment. In the em¬ 
bryo, this is the tail region and is the most distal portion of 
the body. The legs develop from the lumbar and upper sacral 
segments, rather than from the distal sacral segments, which 
is evident from the dermatomal map. Obviously, one can use 
a dermatomal map such as that illustrated in Figure 9-14 to 
determine the level in the spinal cord at which various cord 
injuries may have occurred when the peripheral sensations 
are disturbed. 
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Somatic Sensations: 


IL Paitif Headache^ and Thermal 
Sensations 


Many, if not most, ailments of the body cause pain. 
Furthermore, the ability to diagnose different diseases 
depends to a great extent on a doctor's knowledge of 
the different qualities of pain. For these reasons, the 
present chapter is devoted mainly to pain and to the 
physiologic basis of some of the associated clinical 
phenomena. 

The Purpose of Pain. Pain is a protective mecha¬ 
nism for the body; it occurs whenever any tissues are 
being damaged, and it causes the individual to react to 
remove the pain stimulus. Even such simple activities 
as sitting for a long time on the ischia can cause tissue 
destruction because of lack of blood flow to the skin 
where the skin is compressed by the weight of the 
body. When the skin becomes painful as a result of the 
ischemia, the person normally shifts weight uncon¬ 
sciously. But a person who has lost the pain sense, such 
as after spinal cord injury, fails to feel the pain and 
therefore fails to shift. This very soon results in ulcer¬ 
ation at the areas of pressure. 


■ THE TWO TYPES OF PAIIV 
AIVD THEIR QUALITIES — 

FAST PAIIV AIVD SLOW PAIIV 

Pain has been classified into two different major types; 
fast pain and slow pain. Fast pain occurs within about 
0.1 sec when a pain stimulus is applied, whereas slow 
pain begins only after a second or more and then in¬ 
creases slowly over many seconds and sometimes even 
minutes. During the course of this chapter we shall see 
that the conduction pathways for these two types of 
pain are different and that each of them has specific 
qualities. 

Fast pain is also described by many alternate names, 
such as sharp pain, pricking pain, acute pain, electric 
pain, and others. This type of pain is felt when a needle 


is stuck into the skin or when the skin is cut with a 
knife, and this pain is also felt when the skin is sub¬ 
jected to electric shock. Fast, sharp pain is not felt in 
most of the deeper tissues of the body. 

Slow pain also goes by multiple additional names 
such as burning pain, aching pain, throbbing pain, nau¬ 
seous pain, and chronic pain. This type of pain is usually 
associated with tissue destruction. It can become excru¬ 
ciating and can lead to prolonged, unbearable suffer¬ 
ing. It can occur both in the skin and in almost any deep 
tissue or organ. 

We will learn later that the fast type of pain is trans¬ 
mitted through type AS pain fibers, whereas the slow 
type of pain results from stimulation of the more primi¬ 
tive type C fibers. 


■ THE PAIIV RECEPTORS AIVD 
THEIR STIMULATIOIV 

All Pain Receptors Are Free Nerve Endings. The 
pain receptors in the skin and other tissues are all free 
nerve endings. They are widespread in the superficial 
layers of the skin and also in certain internal tissues, 
such as the periosteum, the arterial walls, the joint sur¬ 
faces, and the falx and tentorium of the cranial vault. 
Most of the other deep tissues are not extensively sup¬ 
plied with pain endings but are weakly supplied; nev¬ 
ertheless, any widespread tissue damage can still sum- 
mate to cause the slow-chronic-aching type of pain in 
these areas. 

Three Different Types of Stimuli Excite Pain 
Receptors — Mechanical, Thermal, and Chemical. 
Most pain fibers can be excited by multiple types of 
stimuli. However, some fibers are more likely to re¬ 
spond to excessive mechanical stretch, others to ex¬ 
tremes of heat or cold, and still others to specific chem¬ 
icals in the tissues. These are classified respectively as 
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mechanical thermal and chemical pain receptors. In 
general, fast pain is elicited by the mechanical and 
thermal types of receptors, whereas slow pain can be 
elicited by all three types. 

Some of the chemicals that excite the chemical type 
of pain receptors include bradykinin, serotonin, hista¬ 
mine, potassium ions, acids, acetylcholine, and proteo¬ 
lytic enzymes. In addition, prostaglandins enhance the 
sensitivity of pain endings, but do not directly excite 
them. The chemical substances are especially impor¬ 
tant in stimulating the slow, suffering type of pain that 
occurs following tissue injury. 

Nonadapting Nature of Pain Receptors. In contrast 
to most other sensory receptors of the body, the pain 
receptors adapt very little and sometimes not at all. In 
fact, under some conditions, the excitation of the pain 
fibers becomes progressively greater as the pain stimu¬ 
lus continues. This increase in sensitivity of the pain 
receptors is called hyperalgesia. 

One can readily understand the importance of this 
failure of pain receptors to adapt, for it allows them to 
keep the person apprised of a damaging stimulus that 
causes the pain as long as it persists. 

Rate of Tissue Damage as a Cause of Pain. The 
average person first begins to perceive pain when 
the skin is heated above 45 “C, as illustrated in Figure 
10-1. This is also the temperature at which the tissues 
begin to be damaged by heat; indeed, the tissues are 
eventually completely destroyed if the temperature re¬ 
mains above this level indefinitely. Therefore, it is im¬ 
mediately apparent that pain resulting from heat is 
closely correlated with the ability of heat to damage 
the tissues. 

Furthermore, the intensity of pain has also been 
closely correlated with the rate of tissue damage from 
causes other than heat—bacterial infection, tissue is¬ 
chemia, tissue contusion, and so forth. 



Figure 10 — 1. Distribution curve obtained from a large number 
of subjects for the minimal skin temperature that causes pain. 
(Modified from Hardy: J. Chronic Dis., 4:22, 1956.) 


Special Importance of Chemical Pain Stimuli 
During Tissue Damage. Extracts from damaged tis¬ 
sues cause intense pain when injected beneath the 
normal skin. All the chemicals listed above that excite 
the chemical pain receptors are found in these extracts. 
However, the chemical that seems to be most painful 
of all is bradykinin. Therefore, many research workers 
have suggested that bradykinin might be the single 
agent most responsible for causing the pain associated 
with tissue damage. Also, the intensity of the pain felt 
correlates with the local increase in potassium ion con¬ 
centration as well. And it should be remembered, too, 
that proteolytic enzymes can directly attack the nerve 
endings and excite pain by making their membranes 
more permeable to ions. 

Release of the various chemical pain excitants not 
only stimulates the chemosensitive pain endings but 
also greatly decreases the threshold for stimulation of 
the mechanosensitive and thermosensitive pain recep¬ 
tors as well. A widely known example of this is the 
extreme pain caused by slight mechanical or heat stim¬ 
uli following tissue damage by sunburn. 

Tissue Ischemia as a Cause of Pain. When blood 
flow to a tissue is blocked, the tissue becomes very 
painful within a few minutes. And the greater the rate 
of metabolism of the tissue, the more rapidly the pain 
appears. For instance, if a blood pressure cuif is placed 
around the upper arm and inflated until the arterial 
blood flow ceases, exercise of the forearm muscles can 
cause severe muscle pain within 15 to 20 sec. In the 
absence of muscle exercise, the pain will not appear for 
3 to 4 min. 

One of the suggested causes of pain in ischemia is 
accumulation of large amounts of lactic acid in the 
tissues, formed as a consequence of the anaerobic me¬ 
tabolism (metabolism without oxygen) that occurs 
during ischemia. However, it is also possible that other 
chemical agents, such as bradykinin, proteolytic en¬ 
zymes, and so forth, are formed in the tissues because 
of cell damage and that these, rather than lactic acid, 
stimulate the pain nerve endings. 

Muscle Spasm as a Cause of Pain. Muscle spasm is 
also a very common cause of pain, and it is the basis of 
many clinical pain syndromes. This pain probably re¬ 
sults partially from the direct effect of muscle spasm in 
stimulating mechanosensitive pain receptors. How¬ 
ever, it possibly results also from the indirect effect of 
muscle spasm to compress the blood vessels and cause 
ischemia. Also, the spasm increases the rate of metabo¬ 
lism in the muscle tissue at the same time, thus making 
the relative ischemia even greater, creating ideal con¬ 
ditions for release of chemical pain-inducing sub¬ 
stances. 


■ THE DUAL TRANSMISSION 
OF PAIN SIGNALS INTO THE 
CENTRAL NERVOUS SYSTEM 

Even though all pain endings are free nerve endings, 
these endings utilize two separate pathways for trans- 
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Figure 10 — 2. Transmission of both acute-sharp” and "slow- 
chronic” pain signals into and through the spinal cord on the way 
to the brain stem. 

mitting pain signals into the central nervous system. 
The two pathways correspond to the two different 
types of pain, a fast-sharp pain pathway and a slow- 
chronic pain pathway. 

The Peripheral Pain Fibers — "Fast" and "Slow" 
Fibers. The fast-sharp pain signals are transmitted in 
the peripheral nerves to the spinal cord by small type 
AS fibers at velocities of between 6 and 30 m/sec. On 
the other hand, the slow-chronic type of pain is trans¬ 
mitted by type C fibers at velocities of between 0.5 and 
2 m/sec. When the type AS fibers are blocked without 
blocking the C fibers by moderate compression of the 
nerve trunk, the fast-sharp pain disappears. On the 
other hand, when the type C fibers are blocked with¬ 
out blocking the S fibers by low concentrations of local 
anesthetic, the slow-chronic-aching type of pain dis¬ 
appears. 

Because of this double system of pain innervation, a 
sudden onset of painful stimulus gives a "double'" pain 
sensation: a fast-sharp pain followed a second or so 
later by a slow, burning pain. The sharp pain apprises 
the person very rapidly of a damaging influence and, 
therefore, plays an important role in making the per¬ 
son react immediately to remove himself or herself 
from the stimulus. On the other hand, the slow, burn¬ 
ing sensation tends to become more and more painful 
over a period of time. This sensation eventually gives 
one the intolerable suffering of long-continued pain. 

On entering the spinal cord from the dorsal spinal 
roots, the pain fibers ascend or descend one to three 
segments in the tract of Lissauer, which lies immedi¬ 
ately posterior to the dorsal horn of the cord gray mat¬ 
ter. Then they terminate on neurons in the dorsal 
horns. However, here again, there are two systems for 
processing the pain signals on their way to the brain, as 
illustrated in Figures 10-2 and 10-3. These are as 
follows: 

OVAL PAL\ PATHWAYS i\ THE CORD 
Ai\D BRALX STEH — THE 
\EOSPI\OTHALAHlC TRACT A\D 
THE PALEOSPliXOTHAluAMMC TRACT 

On entering the spinal cord, the pain signals take two 
different pathways to the brain, through the neospi- 



nothalamic tract and through the paleospinothalamic 
tract. 

The Neospinothalamic Tract for Fast Pain. The 
"fast" type AS pain fibers transmit mainly mechanical 
and thermal pain. They terminate mainly in lamina I 
(lamina marginalis) of the dorsal horns and there excite 
second-order neurons of the neospinothalamic tract. 
These give rise to long fibers that cross immediately to 
the opposite side of the cord through the anterior com¬ 
missure and then pass upward to the brain in the an¬ 
terolateral columns. 

Termmation of the Neospinothalamic Tract in the 
Brain Stem and Thalamus, A few fibers of the neo¬ 
spinothalamic tract terminate in the reticular areas of 
the brain stem, but most pass all the way to the thala¬ 
mus, terminating in the ventrobasal complex along with 
the dorsal column-medial lemniscal tract discussed in 


To; Somatic 
sensory 
areas 



Fij^ure 10 — 3. Transmission of pain signals into the hindbrain, 
thalamus, and cortex \'ia the fast' pricking pain” pathway and the 
slow burning pain' pathway. 
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the previous chapter. A few also terminate in the pos¬ 
terior nuclear group of the thalamus. From these areas 
the signals are transmitted to other basal areas of the 
brain and to the somatic sensory cortex. 

Capability of the Nervous System to Localize Fast 
Pain in the Body, The fast-sharp type of pain can be 
localized much more exactly in the different parts of 
the body than can slow-chronic pain. However, even 
fast pain, when only pain receptors are stimulated 
without simultaneous stimulation of tactile receptors, 
is still quite poorly localized, often only within 10 cm 
or so of the stimulated area. Yet when tactile receptors 
are also stimulated, the localization can be very exact. 

The Paleospinothalamic Pathway for Transmit¬ 
ting Slow-Chronic Pain. The paleospinothalamic 
pathway is a much older system, and transmits pain 
mainly carried in the peripheral slow-suffering type C 
pain fibers, though it does also transmit some signals 
from type AJ fibers as well. In this pathway, the pe¬ 
ripheral fibers terminate almost entirely in laminae II 
and III of the dorsal horns, which together are called 
the substantia gelatinosa, as illustrated by the lateral- 
most dorsal root fiber in Figure 10-2. Most of the 
signals then pass through one or more additional 
short-fiber neurons within the dorsal horns them¬ 
selves before entering mainly lamina V, also in the 
dorsal horn. Here the last neuron in the series gives rise 
to long axons that mostly join the fibers from the fast 
pathway, passing through the anterior commissure to 
the opposite side of the cord, then upward to the brain 
in the same anterolateral pathway. However, a few of 
these fibers do not cross but instead pass ipsilaterally to 
the brain. 

Substance P, the Probable Neurotransmitter of the 
Type C Nerve Endings, Where the type C fibers syn¬ 
apse in the dorsal horns of the spinal cord, they are 
believed to release substance P as the synaptic trans¬ 
mitter. Substance P is a neuropeptide; and as is true of 
all neuropeptides, it is slow to build up at the synapse 
and also slow to be destroyed. Therefore, its concen¬ 
tration at the synapse is believed to increase for at least 
several seconds, and perhaps much longer, after pain 
stimulation begins. After the pain is over, the sub¬ 
stance P probably persists for many more seconds or 
perhaps minutes. The importance of this is that it 
might explain the progressive increase in intensity of 
slow-chronic pain with time, and it might also explain 
at least partially the persistence of this type of pain 
even after the painful stimulus has been removed. 

Termination of the Slow-Chronic Pain Signals in 
the Brain Stem and Thalamus, The slow-chronic 
pathway terminates very widely in the brain stem, in 
the large pink-shaded area illustrated in Figure 10-3. 
Only one-tenth to one-fourth of the fibers pass all the 
way to the thalamus. Instead, they terminate princi¬ 
pally in one of three different areas: (1) the reticular 
nuclei of the medulla, pons, and mesencephalon; (2) 
the tectal area of the mesencephalon deep to the supe¬ 
rior and inferior colliculi; and (3) the periaqueductal 
gray region surrounding the aqueduct of Sylvius. These 
lower regions of the brain appear to be very important 
in the appreciation of the suffering types of pain, for 


animals with their brains sectioned above the mesen¬ 
cephalon evince undeniable evidence of suffering 
when any part of the body is traumatized. 

From the reticular area of the brain stem, multiple 
short-fiber neurons relay the pain signals upward into 
the intralaminar nuclei of the thalamus and also into 
certain portions of the hypothalamus and other adja¬ 
cent regions of the basal brain. 

Capability of the Nervous System to Localize Pain 
Transmitted in the Slow-Chronic Pathway. Localiza¬ 
tion of pain transmitted in the paleospinothalamic 
pathway is very poor. In fact, electrophysiological 
studies suggest that the localization is often only to a 
major part of the body such as to one limb but not to a 
detailed point on the limb. This is in keeping with the 
multisynaptic, diffuse connectivity to the brain. It also 
explains why patients often have serious difficulty in 
localizing the source of some chronic types of pain. 

Function of the Reticular Formation, Thalamus, 
and Cerebral Cortex in the Appreciation of Pain. 
Complete removal of the somatic sensory areas of the 
cerebral cortex does not destroy one's ability to per¬ 
ceive pain. Therefore, it is likely that pain impulses 
entering the reticular formation, thalamus, and other 
lower centers can cause conscious perception of pain. 
However, this does not mean that the cerebral cortex 
has nothing to do with normal pain appreciation; in¬ 
deed, electrical stimulation of the cortical somatic sen¬ 
sory areas causes a person to perceive mild pain in 
approximately 3 per cent of the different points stimu¬ 
lated. It is believed that the cortex plays an important 
role in interpreting the quality of pain even though 
pain perception might be a function of lower centers. 

Special Capability of Pain Signals to Arouse the 
Nervous System. Electrical stimulation in the reticular 
areas of the brain stem and also in the intralaminar 
nuclei of the thalamus, the areas where the slow-suf¬ 
fering type of pain terminates, has a strong arousal 
effect on nervous activity throughout the brain. In fact, 
these two areas are parts of the brain's principal 
arousal system, which is discussed in Chapter 21. This 
explains why a person with severe pain is frequently 
strongly aroused, and it also explains why it is almost 
impossible for a person to sleep when he or she is 
subjected to pain. 

Surgical Interruption of Pain Pathways. Often a person 
has such severe and intractable pain (often resulting from 
rapidly spreading cancer) that it is necessary to relieve the 
pain. To do this the pain pathway can be destroyed at any 
one of several different points. If the pain is in the lower part 
of the body, a cordotomy in the upper thoracic region often 
relieves the pain for a few weeks to a few months. To do this, 
the spinal cord on the side opposite the pain is sectioned 
almost entirely through its anterolateral quadrant, which in¬ 
terrupts the anterolateral sensory pathway. 

Unfortunately, though, the cordotomy is not always suc¬ 
cessful in relieving the pain for two reasons. First, many of 
the pain fibers from the upper part of the body do not cross to 
the opposite side of the spinal cord until they have reached 
the brain, so that the cordotomy does not transect these 
fibers. Second, pain frequently returns several months later, 
perhaps caused partly by sensitization of other pain path¬ 
ways and partly by stimulation by fibrous tissue from the 
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remaining fibers. This new pain is often even more objec¬ 
tionable than the original pain. 

Another operative procedure to relieve pain is to place 
lesions in the intralaminar nuclei in the thalamus, which 
often relieve the suffering type of pain while leaving intact 
one's appreciation of "acute" pain, an important protective 
mechanism. 


■ A PAIIV CONTROL 

(^‘Ai\ALGESIASYSTEM IIV 
THE BRAIi\ AIVD SPIIVAL 
CORD 

The degree to which each person reacts to pain varies 
tremendously. This results partly from the capability 
of the brain itself to control the degree of input of pain 
signals to the nervous system by activation of a pain 
control system, called an analgesia system. 

The analgesia system is illustrated in Figure 10-4. It 
consists of three major components (plus other acces¬ 
sory components): (1) the periaqueductal gray area of 
the mesencephalon and upper pons surrounding the 
aqueduct of Sylvius; neurons from this area send their 
signals to (2) the raphe magnus nucleus, a thin midline 
nucleus located in the lower pons and upper medulla. 
From here the signals are transmitted down the dorso¬ 
lateral columns in the spinal cord to (3) a pain inhibitory 
complex located in the dorsal horns of the spinal cord. At 
this point the analgesia signals can block the pain be¬ 
fore it is relayed on to the brain. 



Figure 10 — 4. The analgesia system of the brain and spinal cord, 
showing inhibition of incoming pain signals at the cord level. 


Electrical stimulation either in the periaqueductal 
gray area or in the raphe magnus nucleus can almost 
completely suppress many very strong pain signals 
entering by way of the dorsal spinal roots. Also, stimu¬ 
lation of areas at still higher levels of the brain that in 
turn excite the periaqueductal gray, especially the peri¬ 
ventricular nuclei in the hypothalamus lying adjacent to 
the third ventricle and to a lesser extent the medial 
forebrain bundle also in the hypothalamus, can sup¬ 
press pain, though perhaps not by quite so much. 

Several different transmitter substances are in¬ 
volved in the analgesia system; especially involved are 
enkephalin and serotonin. Many of the nerve fibers de¬ 
rived from both periventricular nuclei and the peri¬ 
aqueductal gray area secrete enkephalin at their end¬ 
ings. Thus, as shown in Figure 10-4, the endings of 
many of the fibers in the raphe magnus nucleus release 
enkephalin. The fibers originating in this nucleus but 
terminating in the dorsal horns of the spinal cord se¬ 
crete serotonin at their endings. The serotonin in turn 
acts on still another set of local cord neurons that are 
believed to secrete enkephalin. Enkephalin is believed 
to cause presynaptic inhibition of both incoming type C 
and type AS pain fibers where they synapse in the 
dorsal horns. It probably does this by blocking calcium 
channels in the membranes of the nerve terminals. 
Because it is calcium ions that cause release of trans¬ 
mitter at the synapse, such calcium blockage would 
obviously result in presynaptic inhibition. Further¬ 
more, the blockage appears to last for prolonged pe¬ 
riods of time, because after activating the analgesia 
system, analgesia often lasts for many minutes or even 
for hours. 

Thus, the analgesia system can block pain signals at 
the initial entry point to the spinal cord. In fact, it can 
also block many of the local cord reflexes that result 
from pain signals, especially the withdrawal reflexes, 
which are described in Chapter 16. 

It is probable that this analgesia system can also 
inhibit pain transmission at other points in the pain 
pathway, especially in the reticular nuclei in the brain 
stem and in the intralaminar nuclei of the thalamus. 

The Brain*s Opiate System — The 
Endorphins and Enkephalins 

More than 20 years ago it was discovered that injection 
of extremely minute quantities of morphine either into 
the periventricular nucleus around the third ventricle 
of the diencephalon or into the periaqueductal gray 
area of the brain stem will cause an extreme degree of 
analgesia. In subsequent studies, it has now been 
found that morphine acts at still many other points in 
the analgesia system, including the dorsal horns of the 
spinal cord. Because most drugs that alter the excitabil¬ 
ity of neurons do so by acting on synaptic receptors, it 
was assumed that the "morphine receptors" of the 
analgesia system must in fact be receptors for some 
morphine-like neurotransmitter that is naturally se¬ 
creted in the brain. Therefore, an extensive search was 
set into motion for a natural opiate of the brain. About 
a dozen such opiate-like substances have now been 
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found in different points of the nervous system, but all 
are breakdown products of three large protein mole¬ 
cules: proopiomelanocortin, proenkephalin, and prodyn- 
orphin. Furthermore, multiple areas of the brain have 
been shown to have opiate receptors, especially the 
areas in the analgesia system. Among the more impor¬ 
tant of the opiate substances are p-endorphin, met- 
enkephalin, leu-enkephalin, and dynorphin. 

The two enkephalins are found in the portions of the 
analgesia system described earlier, and j&-endorphin is 
present both in the hypothalamus and in the pituitary 
gland. Dynorphin, though found in only minute 
quantities in nervous tissue, is important because it is 
an extremely powerful opiate, having 200 times as 
much pain-killing effect as morphine when injected 
directly into the analgesia system. 

Thus, although all the fine details of the brain's 
opiate system are not yet entirely understood, never¬ 
theless activation of the analgesia system either by 
nervous signals entering the periaqueductal gray area 
or by morphine-like drugs can totally or almost totally 
suppress many pain signals entering through the pe¬ 
ripheral nerves. 


IXHIBITIOM OF P/t/.V TRAASmSSMOiX BV 
TACTILE SEiXSORY SMGXALS 

Another important landmark in the saga of pain control was 
the discovery that stimulation of large sensory fibers from 
the peripheral tactile receptors depresses the transmission of 
pain signals either from the same area of the body or even 
from areas sometimes located many segments away. This 
effect presumably results from a type of local lateral inhibi¬ 
tion. It explains why such simple maneuvers as rubbing the 
skin near painful areas is often very effective in relieving 
pain. And it probably also explains why liniments are often 
useful in the relief of pain. This mechanism and simulta¬ 
neous psychogenic excitation of the central analgesia system 
are probably also the basis of pain relief by acupuncture. 


TREATREiXT OF PALX BY ELECTRICAL 
STIIWLATIOX 

Several clinical procedures have been developed recently for 
suppressing pain by electrical stimulation of large sensory 
nerve fibers. The stimulating electrodes are placed on se¬ 
lected areas of the skin, or on occasion they have been im¬ 
planted over the spinal cord to stimulate the dorsal sensory 
columns. 

In a few patients, electrodes have also been placed stereo- 
tactically in the intralaminar nuclei of the thalamus or in the 
periventricular or periaqueductal area of the diencephalon. 
The patient can then personally control the degree of stimu¬ 
lation. Dramatic relief has been reported in some instances. 
Also, the pain relief often lasts for as long as 24 hours after 
only a few minutes of stimulation. 


■ REFERRED PAIIV 

Often a person feels pain in a part of his or her body 
that is considerably removed from the tissues causing 
the pain. This pain is called referred pain. Usually the 



Figure 10-5. Mechanism of referred pain and referred hyper¬ 
algesia. 

pain is initiated in one of the visceral organs and re¬ 
ferred to an area on the body surface. Also, pain may 
be referred to another deep area of the body not exactly 
coincident with the location of the viscus producing 
the pain. A knowledge of these different types of re¬ 
ferred pain is extremely important in clinical diagnosis 
because many visceral ailments cause no other signs 
except referred pain. 

Mechanism of Referred Pain. Figure 10-5 illus¬ 
trates the most likely mechanism by which most pain is 
referred. In the figure, branches of visceral pain fibers 
are shown to synapse in the spinal cord with some of 
the same second-order neurons that receive pain fibers 
from the skin. When the visceral pain fibers are stimu¬ 
lated, pain signals from the viscera are then conducted 
through at least some of the same neurons that con¬ 
duct pain signals from the skin, and the person has the 
feeling that the sensations actually originate in the skin 
itself. 


■ VISCERAL PAIIV 

In clinical diagnosis, pain from the different viscera of the 
abdomen and chest is one of the few criteria that can be used 
for diagnosing visceral inflammation, disease, and other ail¬ 
ments. In general, the viscera have sensory receptors for no 
other modalities of sensation besides pain. Also, visceral 
pain differs from surface pain in several important aspects. 

One of the most important differences between surface 
pain and visceral pain is that highly localized types of dam¬ 
age to the viscera rarely cause severe pain. For instance, a 
surgeon can cut the gut entirely in two in a patient who is 
awake without causing significant pain. On the other hand, 
any stimulus that causes diffuse stimulation of pain nerve end¬ 
ings throughout a viscus causes pain that can be extremely 
severe. For instance, ischemia caused by occluding the blood 
supply to a large area of gut stimulates many diffuse pain 
fibers at the same time and can result in extreme pain. 


CAUSES OF TRUE VISCERAL PAI\ 

Any stimulus that excites pain nerve endings in diffuse areas 
of the viscera causes visceral pain. Such stimuli include is- 
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chemia of visceral tissue, chemical damage to the surfaces of 
the viscera, spasm of the smooth muscle in a hollow viscus, 
distension of a hollow viscus, or stretching of the ligaments. 

Essentially all the true visceral pain originating in the tho¬ 
racic and abdominal cavities is transmitted through sensory 
nerve fibers that run in the sympathetic nerves. These fibers 
are small type C fibers and, therefore, can transmit only the 
chronic-aching-suffering type of pain. 

Ischemia. Ischemia causes visceral pain in exactly the 
same way that it does in other tissues, presumably because of 
the formation of acidic metabolic end products or tissue- 
degenerative products, such as bradykinin, proteolytic en¬ 
zymes, or others that stimulate the pain nerve endings. 

Chemical Stimuli. On occasion, damaging substances 
leak from the gastrointestinal tract into the peritoneal cavity. 
For instance, proteolytic acidic gastric juice often leaks 
through a ruptured gastric or duodenal ulcer. This juice 
causes widespread digestion of the visceral peritoneum, thus 
stimulating extremely broad areas of pain fibers. The pain is 
usually extremely severe. 

Spasm of a Hollow Viscus. Spasm of the gut, the gallblad¬ 
der, a bile duct, the ureter, or any other hollow viscus can 
cause pain, possibly by mechanical stimulation of the pain 
endings. Or its cause might be diminished blood flow to the 
muscle combined with increased metabolic need of the mus¬ 
cle for nutrients. Thus, relative ischemia could develop, 
which causes severe pain. 

Often, pain from a spastic viscus occurs in the form of 
cramps, the pain increasing to a high degree of severity and 
then subsiding, this process continuing rhythmically once 
every few minutes. Trie rhythmic cycles result from rhyth¬ 
mic contraction of smooth muscle. For instance, each time a 
peristaltic wave travels along an overly excitable spastic gut, 
a cramp occurs. The cramping type of pain frequently occurs 
in gastroenteritis, constipation, menstruation, parturition, 
gallbladder disease, or ureteral obstruction. 

Overdistension of a Hollow Viscus. Extreme overfilling 
of a hollow viscus also results in pain, presumably because of 
overstretch of the tissues themselves. However, overdisten¬ 
sion can also collapse the blood vessels that encircle the 
viscus, or that pass into its wall, thus perhaps promoting 
ischemic pain. 


Insensitive Viscera 

A few visceral areas are almost entirely insensitive to pain of 
any type. These include the parenchyma of the liver and the 
alveoli of the lungs. Yet the liver capsule is extremely sensi¬ 
tive to both direct trauma and stretch, and the bile ducts are 
also sensitive to pain. In the lungs, even though the alveoli 
are insensitive, the bronchi and the parietal pleura are both 
very sensitive to pain. 


PARIETAL PAIX CATS ED BY 
VISCERAL DAHAGE 

In addition to true visceral pain, pain sensations are also 
transmitted from the viscera through nonvisceral nerve 
fibers that innervate the parietal peritoneum, pleura, or peri¬ 
cardium. 

When a disease affects a viscus, it often spreads to the 
parietal wall of the visceral cavity. This wall, like the skin, is 
supplied with extensive innervation from the spinal nerves, 
not from the sympathetic nerves. Therefore, pain from the 
parietal wall overlying the viscus is frequently very sharp. To 
emphasize the difference between this pain and true visceral 


pain: a knife incision through the parietal peritoneum is very 
painful, even though a similar cut through the visceral peri¬ 
toneum or through the gut is not very painful if at all. 


LOCALIZATIOX OF VISCERAL PAL\—THE 
‘•VISCERAL^* AAD THE ‘^PARIETAL*^ 
TRA.\SYHSSIO\ PA TH lY A VS 

Pain from the different viscera is frequently difficult to local¬ 
ize for a number of reasons. First, the brain does not know 
from firsthand experience that the different organs exist, 
and, therefore, any pain that originates internally can be 
localized only generally. Second, sensations from the abdo¬ 
men and thorax are transmitted through tw’o separate path¬ 
ways to the central nervous system—the true visceral path¬ 
way and the parietal pathway. The true visceral pain is 
transmitted via sensory fibers of the autonomic nervous sys¬ 
tem (both sympathetic and parasympathetic), and the sensa¬ 
tions are referred to surface areas of the body often far from 
the painful organ. On the other hand, parietal sensations are 
conducted directly into the local spinal nerves from the parie¬ 
tal peritoneum, pleura, or pericardium, and the sensations 
are usually localized directly over the painful area. 

Localization of Referred Pain Transmitted in the Vis¬ 
ceral Pathways. When visceral pain is referred to the surface 
of the body, the person generally localizes it in the dermato- 
mal segment from which the visceral organ originated in the 
embryo. For instance the heart originated in the neck and 
upper thorax, so that the heart's visceral pain fibers pass into 
the cord between segments C-3 and T-5. Therefore, as illus¬ 
trated in Figure 10-6, pain from the heart is referred to the 
side of the neck, over the shoulder, over the pectoral mus¬ 
cles, down the arm, and into the substemal area of the chest. 
Most frequently, the pain is on the left side, rather than on 
the right—because the left side of the heart is much more 
frequently involved in coronary disease than the right. 

TTie stomach originated approximately from the seventh 
to the ninth thoracic segments of the embryo. Therefore, 
stomach pain is referred to the anterior epigastrium above 
the umbilicus, which is the surface area of the body sub¬ 
served by the seventh through ninth thoracic segments. And 
Figure 10-6 shows several other surface areas to which vis- 
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Visceral pain 
Parietal pain 


Figure 10 — 7. \'isceral and parietal transmission of pain from 
the appendix. 


ceral pain is referred from other organs, representing in gen¬ 
eral the areas in the embryo from which the respective organ 
originated. 

The Parietal Pathway for Transmission of Abdominal 
and Thoracic Pain. Pain from the viscera is frequently local¬ 
ized to two surface areas of the body at the same time be¬ 
cause of the dual transmission of pain through the referred 
visceral pathway and the direct parietal pathway. Thus, Fig¬ 
ure 10-7 illustrates dual transmission from an inflamed ap¬ 
pendix. Impulses pass from the appendix through the sym¬ 
pathetic visceral pain fibers into the sympathetic chain and 
then into the spinal cord at approximately T-lOorT-11; this 
pain is referred to an area around the umbilicus and is of the 
aching, cramping type. On the other hand, pain impulses 
also often originate in the parietal peritoneum where the 
inflamed appendix touches or is adherent to the abdominal 
wall. These cause pain of the sharp type directly over the 
irritated peritoneum in the right lower quadrant of the ab¬ 
domen. 


THE THALAHIC SVSDROHE 

Occasionally the posterolateral branch of the posterior cere¬ 
bral artery, a small artery supplying the posteroventral por¬ 
tion of the thalamus, becomes blocked by thrombosis, so that 
the nuclei of this area of the thalamus degenerate, while the 
medial and anterior nuclei of the thalamus remain intact. 
The patient suffers a series of abnormalities, as follows: First, 
loss of almost all sensations from the opposite side of the 
body occurs because of destruction of the relay nuclei. Sec¬ 
ond, ataxia (inability to control movements precisely) may be 
evident because of loss of position and kinesthetic signals 
normally relayed through the thalamus to the cortex. Third, 
after a few weeks to a few months some sensory perception 
in the opposite side of the body returns, but strong stimuli 
are usually necessary to elicit this. When the sensations do 
occur, they are poorly—if at all—localized and are almost 
always very painful, sometimes lancinating, regardless of 
the type of stimulus applied to the body. Fourth, the person 
is likely to perceive many affective sensations of extreme 
unpleasantness or, rarely, extreme pleasantness; the un¬ 
pleasant ones are often associated with emotional tirades. 

The medial nuclei of the thalamus are not destroyed by 
thrombosis of the artery. Therefore, it is believed that these 
nuclei become facilitated and give rise to the enhanced sensi¬ 
tivity to pain transmitted through the reticular system as well 
as to the affective perceptions. 


HERPES ZOSTER (SHINGLES) 

Occasionally a herpes virus infects a dorsal root ganglion. 
This causes severe pain in the dermatomal segment normally 
subserved by the ganglion, thus eliciting a segmental type of 
pain that circles halfway around the body. The disease is 
called herpes zoster, or "shingles" because of the eruption 
described in the next paragraph. 

The cause of the pain is presumably excitation of the neu¬ 
ronal cells of the dorsal root ganglion by the virus infection. 
Aside from causing pain, the virus is also carried by neuronal 
cytoplasmic flow outward through the peripheral axons to 
their cutaneous terminals. Here the virus causes a rash that 
vesiculates wdthin a few days and within another few days 
crusts over, all of this occurring within the dermatomal area 
served by the infected dorsal root. 


■ SOME CL1\ICAL ABIVORMALITIES OF 
PAL\ AIVD OTHER SOMATIC 
SE\SATIO\S 

HYPERALGESIA 

A pain pathway sometimes becomes excessively excitable; 
this gives rise to hyperalgesia, which means hypersensitivity 
to pain. The basic causes of hyperalgesia are excessive sensi¬ 
tivity of the pain receptors themselves, which is called pri¬ 
mary hyperalgesia, and facilitation of sensory transmission, 
which is called secondary hyperalgesia. 

An example of primary hyperalgesia is the extreme sensi¬ 
tivity of sunburned skin, which is believed to result from 
sensitization of the pain endings by local tissue products of 
the bum—perhaps histamine, perhaps prostaglandins, per¬ 
haps others. Secondary hyperalgesia frequently results from 
lesions in the spinal cord or in the thalamus. Several of these 
are discussed in subsequent sections. 


TIC DOULOUREUX 

Lancinating pains occur in some persons over one side of the 
face in part of the sensory distribution area of the fifth or 
ninth nerve; this phenomenon is called tic douloureux (or 
trigeminal neuralgia or glossopharyngeal neuralgia). The pains 
feel like sudden electric shocks, and they may appear for 
only a few seconds at a time or they may be almost continu¬ 
ous. Often, they are set off by exceedingly sensitive "'trigger 
areas" on the surface of the face, in the mouth, or in the 
throat—almost always by a mechanoreceptive stimulus in¬ 
stead of a pain stimulus. For instance, when the patient 
swallows a bolus of food, as the food touches a tonsil it might 
set off a severe lancinating pain in the mandibular portion of 
the fifth nerve. 

The pain of tic douloureux can usually be blocked by cut¬ 
ting the peripheral nerve from the hypersensitive area. The 
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Figure 10-8. Cross-section of the spinal cord, showing princi¬ 
pal ascending tracts on the right and principal descending tracts 
on the left. 


sensory portion of the fifth nerve is often sectioned immedi¬ 
ately inside the cranium, where the motor and sensory roots 
of the fifth nerve can be separated so that the motor portions, 
which are needed for many of the jaw movements, are 
spared while the sensory elements are destroyed. Obviously, 
this operation leaves the side of the face anesthetic, which in 
itself may be annoying. Furthermore, it is sometimes unsuc¬ 
cessful, indicating that the lesion that causes the pain is in the 
sensory nucleus in the brain stem and not in the peripheral 
nerves. 


THE BROWi\-8E(lUARD SYADROHE 

Obviously, if the spinal cord is transected entirely, all sensa¬ 
tions and motor functions distal to the segments of transec¬ 
tion are blocked, but if only one half of the spinal cord is 
transected on a single side, the so-called Brown-Sequard 
syndrome occurs. The following effects of such a transection 
occur, and these can be predicted from a knowledge of the 
cord fiber tracts illustrated in Figure 10-8: All motor func¬ 
tions are blocked on the side of the transection in all seg¬ 
ments below the level of the transection. Yet only some of 
the modalities of sensation are lost on the transected side, 
and others are lost on the opposite side. The sensations of 
pain, heat, and cold are lost on the opposite side of the body 
in all dermatomes two to six segments below the level of the 
transection. The sensations that are transmitted only in the 
dorsal and dorsolateral columns—kinesthetic and position 
sensations, vibration sensation, discrete localization, and 
two-point discrimination — are lost entirely on the side of 
the transection in all dermatomes below the level of the tran¬ 
section. Touch is impaired on the side of the transection 
because the principal pathway for transmission of light 
touch, the dorsal columns, is transected. Yet "crude touch," 
which is poorly localized, still persists because of transmis¬ 
sion in the opposite ventral spinothalamic tract. 


■ HEADACHE 

Headaches are actually referred pain to the surface of the 
head from the deep structures. Many headaches result from 
pain stimuli arising inside the cranium, but others result from 
pain arising outside the cranium, such as from the nasal 
sinuses. 


HEADACHE OF IXTRACRAATAL ORIGIX 

Pain-Sensitive Areas in the Cranial Vault, The brain 
itself is almost totally insensitive to pain. Even cutting or 
electrically stimulating the somatic sensory areas of the cor¬ 
tex only occasionally causes pain; instead, it causes pins- 
and-needles types of paresthesias on the area of the body 
represented by the portion of the sensory cortex stimulated. 
Therefore, it is likely that much or most of the pain of head¬ 
ache is not caused by damage within the brain itself. 

On the other hand, tugging on the venous sinuses, damaging 
the tentorium, or stretching the dura at the base of the brain can 
all cause intense pain that is recognized as headache. Also, 
almost any type of traumatizing, crushing, or stretching 
stimulus to the blood vessels of the dura can cause headache. A 
very sensitive structure is the middle meningeal artery, and 
neurosurgeons are careful to anesthetize this artery specifi¬ 
cally when performing brain operations under local anes¬ 
thesia. 

Areas of the Head to Which Intracranial Headache Is 
Referred. Stimulation of pain receptors in the intracranial 
vault above the tentorium, including the upper surface of the 
tentorium itself, initiates impulses in the fifth nerve and, 
therefore, causes referred headache to the front half of the 
head in the area supplied by the fifth cranial nerve, as illus¬ 
trated in Figure 10-9. 

On the other hand, pain impulses from beneath the ten¬ 
torium enter the central nervous system mainly through the 
second cervical nerve, which also supplies the scalp behind 
the ear. Therefore, subtentorial pain stimuli cause "occipital 
headache" referred to the posterior part of the head as 
showTi in Figure 10-9. 

Types of Intracranial Headache. Headache of Meningi¬ 
tis. One of the most severe headaches of all is that resulting 
from meningitis, which causes inflammation of all of the 
meninges, including the sensitive areas of the dura and the 
sensitive areas around the venous sinuses. Such intense 
damage as this can cause extreme headache pain referred 
over the entire head. 

Headache Caused by Low Cerebrospinal Fluid Pressure. 
Removing as little as 20 ml of fluid from the spinal canal, 
particularly if the person remains in the upright position, 
often causes intense intracranial headache. Removing this 
quantity of fluid removes the flotation for the brain that is 
normally provided by the cerebrospinal fluid. Therefore, the 
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Figure 10-9. Area.s of headache resulting from different 
causes. 
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weight of the brain stretches and otherwise distorts the var¬ 
ious dural surfaces and thereby elicits the pain that causes 
the headache. 

Migraine Headache. Migraine headache is a special type 
of headache that is thought to result from abnormal vascular 
phenomena, though the exact mechanism is unknown. 

Migraine headaches often begin with various prodromal 
sensations, such as nausea, loss of vision in part of the field 
of vision, visual aura, or other types of sensor)^ hallucina¬ 
tions. Ordinarily, the prodromal symptoms begin half an 
hour to an hour prior to the beginning of the headache itself. 
Therefore, any theory that explains migraine headache must 
also explain these prodromal symptoms. 

One of the theories of the cause of migraine headaches is 
that prolonged emotion or tension causes reflex vasospasm 
of some of the arteries of the head, including arteries that 
supply the brain itself. The vasospasm theoretically pro¬ 
duces ischemia of portions of the brain, and this is responsi¬ 
ble for the prodromal symptoms. Then, as a result of the 
intense ischemia, something happens to the vascular wall to 
allow it to become flaccid and incapable of maintaining vas¬ 
cular tone for 24 to 48 hours. The blood pressure in the 
vessels causes them to dilate and pulsate intensely, and it is 
postulated that the excessive stretching of the walls of the 
arteries—including some extracranial arteries as well, such 
as the temporal artery—causes the actual pain of migraine 
headaches. How^ever, it is possible that diffuse aftereffects of 
ischemia in the brain itself are at least partially if not mainly 
responsible for this type of headache. 

Alcoholic Headache. As many people have experienced, a 
headache usually follows an alcoholic binge. It is most likely 
that alcohol, because it is toxic to tissues, directly irritates the 
meninges and causes intracranial pain. 

Headache Caused by Constipation. Constipation causes 
headache in many persons. Because it has been shown that 
constipation headache can occur in persons whose spinal 
cords have been cut, we know' that this headache is not 
caused by nerv'ous impulses from the colon. Therefore, it 
possibly results from absorbed toxic products or from 
changes in the circulatory system resulting from loss of fluid 
into the gut. 


EXTRACRAMAL TYPES OF HEADACHE 

Headache Resulting from Muscular Spasm. Emotional 
tension often causes many of the muscles of the head, in¬ 
cluding especially those muscles attached to the scalp and 
the neck muscles attached to the occiput, to become spastic, 
and it is postulated that this is one of the common causes of 
headache. The pain of the spastic head muscles supposedly 
is referred to the overlving areas of the head and produces 
the same type of headache as do intracranial lesions. 

Headache Caused by Irritation of the Nasal and Acces¬ 
sory Nasal Structures. The mucous membranes of the nose 
and also of all the nasal sinuses are sensitive to pain, but not 
intensely so. Nevertheless, infection or other irritative pro¬ 
cesses in widespread areas of the nasal structures usually 
cause headache that is referred behind the eyes or, in the case 
of frontal sinus infection, to the frontal surfaces of the fore¬ 
head and scalp, as illustrated in Figure 10-9. Also, pain from 
the low'er sinuses—such as the maxillary sinuses—can be 
felt in the face. 

Headache Caused by Eye Disorders. Difficulty in focus¬ 
ing one's eyes clearly may cause excessive contraction of the 
ciliarv' muscles in an attempt to gain clear vision. Even 
though these muscles are extremely small, tonic contraction 


of them can be the cause of retro-orbital headache. Also, 
excessive attempts to focus the eyes can result in reflex 
spasm in various facial and extraocular muscles, w'hich is 
also a possible cause of headache. 

A second type of headache originating in the eyes occurs 
w'hen the eyes are exposed to excessive irradiation by light 
rays, especially ultraviolet light. Watching the sun or the arc 
of an arc-welder for even a few seconds may result in head¬ 
ache that lasts from 24 to 48 hours. The headache sometimes 
results from "actinic" irritation of the conjunctivae, and the 
pain is referred to the surface of the head or retro-orbitally. 
However, intense light from an arc or the sun focused on the 
retina can actually bum the retina, and this could result in 
headache. 


■ THERMAL SEXSATIOAS 

THERMAL RECEPTORS A\D THEIR 
EXCITATIOX 

The human being can perceive different gradations of 
cold and heat, progressing from freezing cold to cold to 
cool to indifferent to warm to hot to burning hot. 

Thermal gradations are discriminated by at least 
three different types of sensor)^ receptors: the cold re¬ 
ceptors, the warmth receptors, and pain receptors. The 
pain receptors are stimulated only by extreme degrees 
of heat or cold and therefore are responsible, along 
with the cold and warmth receptors, for "freezing 
cold" and "burning hot" sensations. 

The cold and warmth receptors are located immedi¬ 
ately under the skin at discrete but separated points, 
each having a stimulatory diameter of about 1 mm. In 
most areas of the body there are three to ten times as 
many cold receptors as warmth receptors, and the 
number in different areas of the body varies from as 
great as 15 to 25 cold points/cm^ in the lips, to 3 to 5 
cold points/cm^ in the finger, to less than 1 cold 
point/cm^ in some broad surface areas of the trunk. 
There are correspondingly fewer numbers of warmth 
points. 

Although it is quite certain, on the basis of psycho¬ 
logical tests, that there are distinctive warmth nerv^e 
endings, these have not yet been identified histologi¬ 
cally. They are presumed to be free nerve endings be¬ 
cause warmth signals are transmitted mainly over ty^pe 
C nerve fibers at transmission velocities of only 0.4 to 2 
m/sec. 

On the other hand, a definitive cold receptor has 
been identified. It is a special, small, type AS myeli¬ 
nated nerv^e ending that branches a number of times, 
the tips of which protrude into the bottom surfaces of 
basal epidermal cells. Signals are transmitted from 
these receptors via delta nerve fibers at velocities of up 
to about 20 m/sec. How'ever, some cold sensations are 
also transmitted in type C nerv^e fibers, which suggests 
that some free nerve endings also might function as 
cold receptors. 

Stimulation of Thermal Receptors — Sensations 
of Cold, Cool, Indifferent, Warm, and Hot. Figure 
10-10 illustrates the effects of different temperatures 
on the responses of four different nerve fibers: (1) a 
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Figure 10 — 10. Frequencies of discharge of a cold-pain fiber, a 
cold fiber, a warmth fiber, and a heat-pain fiber. (The responses of 
these fibers are drawn from original data collected in separate 
experiments by Zotterman, Hensel, and Kenshalo.) 


pain fiber stimulated by cold; (2) a cold fiber; (3) a 
warmth fiber; and (4) a pain fiber stimulated by heat. 
Note especially that these fibers respond differently at 
different levels of temperature. For instance, in the 
very cold region only the pain fibers are stimulated (if 
the skin becomes even colder so that it nearly freezes or 
actually does freeze, even these fibers cannot be stimu¬ 
lated). As the temperature rises to 10° to 15°C, pain 
impulses cease, but the cold receptors begin to be stim¬ 
ulated. Then, above about 30 °C the warmth receptors 
become stimulated, and the cold receptors fade out at 
about 43 °C. Finally, at around 45°C, pain fibers begin 
to be stimulated by heat. 

One can understand from Figure 10-10, therefore, 
that a person determines the different gradations of 
thermal sensations by the relative degrees of stimula¬ 
tion of the different types of endings. One can under¬ 
stand also from this figure why extreme degrees of cold 
or heat can be painful and why both these sensations, 
when intense enough, may give almost exactly the 
same quality of sensation — that is, freezing cold and 
burning hot sensations feel almost alike; they are both 
very painful. 

Stimulatory Effects of Rising and Falling Tem¬ 
perature— Adaptation of Thermal Receptors. When 
a cold receptor is suddenly subjected to an abrupt fall 
in temperature, it becomes strongly stimulated at first, 
but this stimulation fades rapidly during the first few 
seconds and progressively more slowly during the next 
half hour or more. In other words, the receptor 
"adapts" to a very great extent but does not appear to 
adapt 100 per cent. 

Thus, it is evident that the thermal senses respond 
markedly to changes in temperature in addition to being 
able to respond to steady states of temperature. This 
means, therefore, that when the temperature of the 
skin is actively falling, a person feels much colder than 
when the temperature remains at the same level. Con¬ 
versely, if the temperature is actively rising the person 
feels much warmer than he or she would at the same 
temperature if it were constant. 


The response to changes in temperature explains the 
extreme degree of heat that one feels on first entering a 
tub of hot water and the extreme degree of cold felt on 
going from a heated room to the out-of-doors on a cold 
day. 

Mechanism of Stimulation of the 
Thermal Receptors 

It is believed that the cold and warmth receptors are 
stimulated by changes in their metabolic rates, these 
changes resulting from the fact that temperature alters 
the rates of intracellular chemical reactions more than 
twofold for each 10 ° C change. In other words, thermal 
detection probably results not from direct physical ef¬ 
fects of heat or cold on the nerve endings, but instead 
from chemical stimulation of the endings as modified 
by the temperature. 

Spatial Summation of Thermal Sensations. Be¬ 
cause the number of cold or warmth endings in any 
one surface area of the body is very slight, it is difficult 
to judge gradations of temperature when small areas 
are stimulated. However, when a large area of the 
body is stimulated all at once, the thermal signals from 
the entire area summate. For instance, rapid changes in 
temperature of as little as 0.01 ‘’C can be detected if this 
change affects the entire surface of the body simulta¬ 
neously. On the other hand, temperature changes 100 
times this great might not be detected when the skin 
surface affected is only a square centimeter or so in 
size. 


TRAJVSMISSIOIV OF THERMAL 
SIGIVALS I\ THE IVERVOVS SYSTEM 

In general, thermal signals are transmitted in almost 
parallel, but not the same, pathways as pain signals. 
On entering the spinal cord, the signals travel for a few 
segments upward or downward in the tract ofLissauer 
and then terminate mainly in laminae I, II, and III of 
the dorsal horns—the same as for pain. After a small 
amount of processing by one or more cord neurons, the 
signals enter long, ascending thermal fibers that cross 
to the opposite anterolateral sensory tract and termi¬ 
nate in (1) the reticular areas of the brain stem and (2) 
the ventrobasal complex of the thalamus. A few ther¬ 
mal signals are also relayed to the somatic sensory 
cortex from the ventrobasal complex. Occasionally, a 
neuron in somatic sensory area I has been found by 
microelectrode studies to be directly responsive to ei¬ 
ther cold or warm stimuli in specific areas of the skin. 
Furthermore, it is known that removal of the postcen¬ 
tral gyrus in the human being reduces the abilitv to 
distinguish gradations of temperature. 

REFEREACES 

See references for Chapter 9. 
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The Eye: 

L Optics ofMsion 


■ PHYSICAL PRIiVCIPLES OF 
OPTICS 

Before it is possible to understand the optical system of 
the eye, the student must be thoroughly familiar with 
the basic physical principles of optics, including the 
physics of refraction, a knowledge of focusing, depth 
of focus, and so forth. Therefore, a brief review of 
these physical principles is first presented, and then 
the optics of the eye is discussed. 


REFRACTIO\ OF LIGHT 

The Refractive Index of a Transparent Substance. Light 
rays travel through air at a velocity of approximately 300,000 
km/sec but much slower through transparent solids and liq¬ 
uids. The refractive index of a transparent substance is the 
ratio of the velocity of light in air to the velocity in the sub¬ 
stance. Obviously, the refractive index of air itself is 1.00. 

If light travels through a particular type of glass at a veloc¬ 
ity of 200,000 km/sec, the refractive index of this glass is 
300,000 divided by 200,000, or 1.50. 

Refraction of Light Rays at an Interface Between Two 
Media With Different Refractive Indices. When light 
waves traveling forward in a beam, as shown in the upper 
part of Figure 11-1, strike an interface that is perpendicular 
to the beam, the waves enter the second refractive medium 
without deviating from their course. The only effect that 
occurs is decreased velocity of transmission and shorter 
wavelength. On the other hand, as illustrated in the lower 
part of the figure, if the light waves strike an angulated inter¬ 
face, the light waves bend if the refractive indices of the tw^o 
media are different from each other. In this particular figure 
the light waves are leaving air, which has a refractive index 
of 1.00, and are entering a block of glass having a refractive 
index of 1.50. When the beam first strikes the angulated 
interface, the lower edge of the beam enters the glass ahead 
of the upper edge. The wave front in the upper portion of the 
beam continues to travel at a velocity of 300,000 km/sec, 
whereas that which has entered the glass travels at a velocity 
of 200,000 km/sec. This causes the upper portion of the 


wave front to move ahead of the lower portion so that the 
wave front is no longer vertical but is angulated to the right. 
Because the direction in which light travels is always perpendic¬ 
ular to the plane of the wavefront, the direction of travel of the 
light beam now bends downward. 

The bending of light rays at an angulated interface is 
known as refraction. Note particularly that the degree of re¬ 
fraction increases as a function of (1) the ratio of the two 
refractive indices of the two transparent media and (2) the 
degree of angulation between the interface and the entering 
wave front. 


APPLICATWX OF REFRACTIVE 
PRI\CIPLES TO LEASES 

The Convex Lens - Focusing of Light Rays. Figure 11-2 
shows parallel light rays entering a convex lens. The light 
rays passing through the center of the lens strike the lens 
exactly perpendicular to the lens surface and therefore pass 
through the lens without being refracted at all. Toward ei¬ 
ther edge of the lens, however, the light rays strike a progres¬ 
sively more angulated interface. Therefore, the outer rays 
bend more and more toward the center. Half the bending 
occurs when the rays enter the lens and half as they exit from 
the opposite side. (At this time the student should pause and 
analyze why the rays still bend toward the center upon leav¬ 
ing the lens.) 

Finally, if the lens is ground with exactly the proper curv'a- 
ture, parallel light rays passing through each part of the lens 
will be bent exactly enough so that all the rays will pass 
through a single point, which is called the focal point. 

The Concave Lens. Figure 11-3 shows the effect of a 
concave lens on parallel light rays. The rays that enter the 
very center of the lens strike an interface that is absolutely 
perpendicular to the beam and, therefore, do not refract at 
all. The rays at the edge of the lens enter the lens ahead of the 
rays toward the center. This is opposite to the effect in the 
convex lens, and it causes the peripheral light rays to diverge 
away from the light rays that pass through the center of the 
lens. 

Thus, the concave lens diverges light rays, whereas the 
convex lens converges light rays. 
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Figure 11 — 1, Wave fronts entering (top) a glass surface perpen¬ 
dicular to the light rays and (bottom) a glass surface angulated to 
the light rays. This figure illustrates that the distance between 
wav es after they enter the glass is shortened to approximately tw o 
thirds that in air. It also illustrates that light rays striking an angu¬ 
lated glass surface are bent. 


Cylindrical Lenses —Comparison With Spherical 
Lenses. Figure 11-4 illustrates both a convex spherical lens 
and a convex cylindrical lens. Note that the cylindrical lens 
bends light rays from the two sides of the lens but not from 
either the top or the bottom. Therefore, parallel light rays are 
bent to a focal line. On the other hand, light rays that pass 
through the spherical lens are refracted at all edges of the 
lens toward the central ray, and all the rays come to a focal 
point. 

The cylindrical lens is well illustrated by a test tube full of 
water. If the test tube is placed in a beam of sunlight and a 
piece of paper is brought progressively closer to the opposite 
side of the tube, a certain distance will be found at which the 
light rays come to a focal line. On the other hand, the spheri¬ 
cal lens is illustrated by an ordinary magnif)dng glass. If such 
a lens is placed in a beam of sunlight and a piece of paper is 
brought progressively closer to the lens, the light rays will 
impinge on a common focal point at an appropriate distance. 

Concave cylindrical lenses diverge light rays in only one 
plane in the same manner that convex cylindrical lenses con¬ 
verge light rays in one plane. 

Combination of Two Cylindrical Lenses to Equal a 
Spherical Lens. Figure 11-5 shows two convex cylindrical 
lenses at right angles to each other. The vertical cylindrical 
lens causes convergence of the light rays that pass through 
the tw^o sides of the lens, and the horizontal lens converges 
the top and bottom rays. Thus, all the light rays come to a 
single-point focus. In other words, two cylindrical lenses 
crossed at right angles to each other perform the same function as 
one spherical lens of the same refractive power. 



Local from distant <-> 

source ^ocal length 

Fi^re 11—3. Bending of light rays at each surface of a conv ex 
spherical lens, showing that parallel light rays are focused to a 
point focus. 



Figure 11-3. Bending of light rays at each surface of a concave 
spherical lens, illustrating that parallel light rays are diverged by a 
concave lens. 


FOCAL LESGTH OF A LE\S 

The distance beyond a convex lens at which parallel rays 
converge to a common focal point is called the/oca/ length of 
the lens. The diagram at the top of Figure 11-6 illustrates 
this focusing of parallel light rays. 

In the middle diagram, the light rays that enter the convex 
lens are not parallel but are diverging because the origin of 
the light is a point source not far away from the lens itself. 
Because these rays are diverging outward from the point 
source, it can be seen from the diagram that they do not come 
to a point focus at the same distance away from the lens as do 



Figure 11—4. Top: Point focus of parallel light rays by a spheri¬ 
cal convex lens. Bottom: Line focus of parallel light rays by a 
cylindrical convex lens. 



















































































































11 ■ The Eye: 1. Optics of Vision 143 



Point source 
of light 


Point source 
of light 


Fi^re 11-5. Two cylindrical convex lenses at right angles to 
each other, illustrating that one lens converges light rays in one 
plane and the other lens converges light rays in the plane at right 
angles. The tvv'o lenses combined give the same point focus as that 
obtained with a spherical convex lens. 


parallel rays. In other words, when rays of light that are 
already diverging enter a convex lens, the distance of focus 
on the other side of the lens is farther from the lens than is 
the case when the entering rays are parallel to each other. 

In the lower diagram of Figure 11-6 are shown light rays 
that are diverging toward a convex lens with far greater cur¬ 
vature than that of the upper two lenses of the figure. In this 
diagram the distance from the lens at which the light rays 
come to a focus is exactly the same as that from the lens in the 
first diagram, in which the lens was less convex but the rays 
entering it were parallel. This illustrates that both parallel 
rays and diverging rays can be focused at the same distance 
behind a lens provided the lens changes its convexity. 

The relationship of focal length of the lens, distance of the 
point source of light, and distance of focus is expressed by 
the following formula: 


in which/is the focal length of the lens, a the distance of the 
point source of light from the lens, and b the distance of focus 
from the lens. 


FOILHATIOX OF A.\ IMAGE BY 
A COW EX LEA S 

The upper drawing of Figure 11-7 illustrates a convex lens 
with two point sources of light to the left. Because light rays 
pass through the center of a convex lens without being re¬ 
fracted in either direction, the light rays from each point 
source of light are shown to come to a point focus on the 
opposite side of the lens directly in line with the point source 
and the center of the lens. 

Any object in front of the lens is in reality a mosaic of point 
sources of light. Some of these points are very bright, some 
are very weak, and they vary in color. And each point source 


of light on the object comes to a separate point focus on the 
opposite side of the lens in line with the lens center. Further¬ 
more, all the focal points behind the lens will fall in a com¬ 
mon plane a certain distance behind the lens. If a white piece 
of paper is placed at this distance, one can see an image of the 
object, as illustrated in the lower portion of Figure 11-7. 
However, this image is upside down with respect to the origi¬ 
nal object, and the two lateral sides of the image are reversed 
as well. This is the method by which the lens of a camera 
focuses images on the camera film. 


3IEASVRE3fEAT OF THE REFRACTIVE 
POWER OF A LEAS — THE DIOPTER 


The more a lens bends light rays, the greater is its "'refractive 
power." This refractive power is measured in terms of 
diopters. The refractive power of a convex lens is equal to 1 
meter divided by its focal length. Thus, a spherical lens that 
converges parallel light rays to a focal point 1 meter beyond 
the lens has a refractive power of +1 diopter, as illustrated in 
Figure 11-8. If the lens is capable of bending parallel light 
rays twice as much as a lens with a power of +1 diopter, it is 
said to have a strength of -f2 diopters, and the light rays 
come to a focal point 0.5 m beyond the lens. A lens capable of 
converging parallel light rays to a focal point only 10 cm 
(0.10 m) beyond the lens has a refractive power of +10 
diopters. 

The refractive power of concave lenses cannot be stated in 
terms of the focal distance beyond the lens because the light 
rays diverge, rather than focusing to a point. However, if a 
concave lens diverges light rays the same amount that a 1 
diopter convex lens converges them, the concave lens is said 
to have a dioptric strength of — 1. Likewise, if the concave 
lens diverges the light rays as much as a +10 diopter lens 
converges them, it is said to have a strength of — 10 diopters. 

Note particularly that concave lenses "neutralize" the re¬ 
fractive power of convex lenses. Thus, placing a 1 diopter 






Figure 11-6. The upper two lenses of this figure have the same 
strength, but the light rays entering the top lens are parallel, 
w hereas those entering the second lens are diverging; t he effect of 
parallel versus diverging rays on the focal distance is illustrated. 
The bottom lens has far more refractive pow er than either of the 
other tw o lenses, illustrating that the stronger the lens the nearer 
to the lens is the point focus. 
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Fi^re 11 - 7, A, Two point sources of light fo¬ 
cused at two separate points on the opposite side of 
the lens. B, Formation of an image by a convex 
spherical lens. 


concave lens immediately in front of a 1 diopter convex lens 
results in a lens system with zero refractive power. 

The strengths of cylindrical lenses are computed in the 
same manner as the strengths of spherical lenses. If a cylin¬ 
drical lens focuses parallel light rays to a line focus 1 m 
beyond the lens, it has a strength of +1 diopter. On the other 
hand, if a cylindrical lens of a concave type diverges light rays 
as much as a +1 diopter cylindrical lens converges them, it 
has a strength of — 1 iopter. However, the axis of the cylin¬ 
drical lens must also be stated in addition to its strength. 


■ THE OPTICS OF THE EYE 

THE EYE AS A CAHERA 

The eye, illustrated in Figure 11 - 9, is optically equiva¬ 
lent to the usual photographic camera, for it has a lens 
system, a variable aperture system (the pupil), and a 
retina that corresponds to the film. The lens system of 
the eye is composed of four refractive interfaces: (1) the 
interface between air and the anterior surface of the 
cornea, (2) the interface between the posterior surface 
of the cornea and the aqueous humor, (3) the interface 




10 


1 meter 


Figure 1 1 —8. Effect of lens strength on the focal distance. 


between the aqueous humor and the anterior surface 
of the crystalline lens of the eye, and (4) the interface 
between the posterior surface of the lens and the vitre¬ 
ous humor. The refractive index of air is 1; the cornea, 
1.38; the aqueous humor, 1.33; the crystalline lens (on 
the average), 1.40; and the vitreous humor, 1.34. 

The Reduced Eye. If all the refractive surfaces of the 
eye are algebraically added together and then consid¬ 
ered to be one single lens, the optics of the normal eye 
may be simplified and represented schematically as a 
"reduced eye." This is useful in simple calculations. In 
the reduced eye, a single refractive surface is consid¬ 
ered to exist with its central point 17 mm in front of the 
retina and to have a total refractive power of approxi¬ 
mately 59 diopters when the lens is accommodated for 
distant vision. 

Most of the refractive power of the eye is provided 
not by the crystalline lens but instead by the anterior 
surface of the cornea. The principal reason for this is 
that the refractive index of the cornea is markedly dif¬ 
ferent from that of air. 

On the other hand, the total refractive power of the 
crystalline lens of the eye, as it normally lies in the eye 
surrounded by fluid on each side, is only 20 diopters, 
about one third the total refractive power of the eye's 
lens system. If this lens were removed from the eye and 
then surrounded by air, its refractive power would be 
about six times as great. The reason for this difference 


Total refractive power =59 diopters 



Figure 11—9. The eye as a camera. The numbers are the refrac¬ 
tive indices. 
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is that the fluids surrounding the lens have refractive 
indices not greatly different from the refractive index 
of the lens itself, and the smallness of the differences 
greatly decreases the amount of light refraction at the 
lens interfaces. But the importance of the crystalline 
lens is that its curvature can be increased markedly to 
provide ''accommodation," which will be discussed 
later in the chapter. 

Formation of an Image on the Retina. In exactly the 
same manner that a glass lens can focus an image on a 
sheet of paper, the lens system of the eye can focus an 
image on the retina. The image is inverted and re¬ 
versed with respect to the object. However, the mind 
perceives objects in the upright position despite the 
upside-down orientation on the retina because the 
brain is trained to consider an inverted image as the 
normal. 


THE 3tECHAi\MSiU OF ACCOmtODATlOIV 

The refractive power of the crystalline lens of the eye 
can be voluntarily increased from 20 diopters to ap¬ 
proximately 34 diopters in young children; this is a 
total "accommodation" of 14 diopters. To do this, the 
shape of the lens is changed from that of a moderately 
convex lens to that of a very convex lens. The mecha¬ 
nism of this is the following: 

In the young person, the lens is composed of a strong 
elastic capsule filled with viscous, proteinaceous, but 
transparent fibers. When the lens is in a relaxed state, 
with no tension on its capsule, it assumes an almost 
spherical shape, owing entirely to the elasticity of the 
lens capsule. However, as illustrated in Figure 11-10, 
approximately 70 ligaments (called zonules) attach ra¬ 
dially around the lens, pulling the lens edges toward 
the anterior edges of the retina. These ligaments are 
constantly tensed by the elastic pull of their attach¬ 
ments to the ciliary body at the anterior border of the 
choroid. The tension on the ligaments causes the lens 
to remain relatively flat under normal resting condi- 




Fiji^re 11 — 10 . Mechanism of accommodation (focusing). 


tions of the eye. At the insertions of the ligaments in 
the ciliary body is the ciliary muscle, which has two sets 
of smooth muscle fibers, the meridional fibers and the 
circular fibers. The meridional fibers extend to the cor¬ 
neoscleral junction. When these muscle fibers con¬ 
tract, the peripheral insertions of the lens ligaments are 
pulled forward, thereby releasing a certain amount of 
tension on the lens. The circular fibers are arranged 
circularly all the way around the eye so that when they 
contract, a sphincter-like action occurs, decreasing the 
diameter of the circle of ligament attachments and also 
allowing the ligaments to pull less on the lens capsule. 

Thus, contraction of both sets of smooth muscle 
fibers in the ciliary muscle relaxes the ligaments to the 
lens capsule, and the lens assumes a more spherical 
shape, like that of a balloon, because of the natural 
elasticity of its capsule. Therefore, when the ciliary 
muscle is completely relaxed, the dioptric strength of 
the lens is as weak as it can become. On the other hand, 
when the ciliary muscle contracts as strongly as possi¬ 
ble, the dioptric strength of the lens becomes maximal. 

Autonomic Control of Accommodation. The cili¬ 
ary muscle is controlled almost entirely by the para¬ 
sympathetic nervous system. Stimulation of the para¬ 
sympathetic nerves contracts the ciliary muscle, which 
relaxes the lens ligaments and increases the refractive 
power. With an increased refractive power, the eye is 
capable of focusing on objects nearer at hand than 
when the eye has less refractive power. Consequently, 
as a distant object moves toward the eye, the number 
of parasympathetic impulses impinging on the ciliary 
muscle must be progressively increased for the eye to 
keep the object constantly in focus. (Sympathetic stim¬ 
ulation has a weak effect in relaxing the ciliary muscle, 
but this plays almost no role in the normal accommo¬ 
dation mechanism, the neurology of which will be dis¬ 
cussed in Chapter 13.) 

Presbyopia. As a person grows older, the lens grows 
larger and thicker, and it also becomes less elastic, 
partly because of progressive denaturation of the lens 
proteins. Therefore, the ability of the lens to change 
shape progressively decreases, and the power of ac¬ 
commodation decreases from approximately 14 di¬ 
opters in the young child to less than 2 diopters at the 
age of 45 to 50 and to about 0 at age 70. Thereafter, the 
lens is then almost totally nonaccommodating, a con¬ 
dition known as "presbyopia." 

Once a person has reached the state of presbyopia, 
each eye remains focused permanently at an almost 
constant distance; this distance depends on the physi¬ 
cal characteristics of each individual's eyes. Obviously, 
the eyes can no longer accommodate for both near and 
far vision. Therefore, to see clearly both in the distance 
and nearby, an older person must wear bifocal glasses 
with the upper segment normally focused for far-see¬ 
ing and the lower segment focused for near-seeing. 

THE PVPHJuAHV APERTVRE 

A major function of the iris is to increase the amount of 
light that enters the eye during darkness and to de- 
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crease the light in bright light. The reflexes for control¬ 
ling this mechanism will be considered in the discus¬ 
sion of the neurology of the eye in Chapter 13. The 
amount of light that enters the eye through the pupil is 
proportional to the area of the pupil or to the square of 
the diameter of the pupil. The pupil of the human eye 
can become as small as approximately 1.5 mm and as 
large as 8 mm in diameter. Therefore, the quantity of 
light entering the eye may vary approximately 30 times 
as a result of changes in pupillary aperture. 

Depth of Focus of the Lens System of the Eye. 
Figure 11-11 illustrates two separate eyes that are ex¬ 
actly alike except for the diameters of the pupillary 
apertures. In the upper eye the pupillary aperture is 
small, and in the lower eye the aperture is large. In 
front of each of these two eyes are two small point 
sources of light, and light from each passes through the 
pupillary aperture and focuses on the retina. Conse¬ 
quently, in both eyes the retina sees two spots of light 
in perfect focus. It is evident from the diagrams, how¬ 
ever, that if the retina is moved forward or backward to 
an out-of-focus position, the size of each spot will not 
change much in the upper eye, but in the lower eye the 
size of each spot will increase greatly, becoming a ''blur 
dr :le." In other words, the upper lens system has far 
greater depth of focus than the bottom lens system. 
When a lens system has great depth of focus, the retina 
can be considerably displaced from the focal plane and 
still the image remains in sharp focus; whereas when a 
lens system has a shallow depth of focus, moving the 
retina only slightly away from the focal plane causes 
extreme blurring. 

The greatest possible depth of focus occurs when the 
pupil is extremely small. The reason for this is that with 
a very small aperture all light rays must pass through 
the center of the lens, and the centralmost rays are 
always in focus, as was explained earlier. 


ERRORS OF REFRACTIOX 

Emmetropia. As shown in Figure 11-12, the eye is con¬ 
sidered to be normal, or "emmetropic," if parallel light rays 



Figure 11-11. Effect of small and large pupillary apertures on 
the depth of focus. 





Figure 11 — 12. Parallel light rays focus on the retina in emme¬ 
tropia, behind the retina in hyperopia, and in front of the retina in 
myopia. 

from distant objects are in sharp focus on the retina when the 
ciliary muscle is completely relaxed. This means that the em¬ 
metropic eye can see all distant objects clearly, with its ciliary 
muscle relaxed, but to focus objects at close range it must 
contract its dliary muscle and thereby provide various de¬ 
grees of accommodation. 

Hyperopia. Hyperopia, which is also known as "far¬ 
sightedness," is usually due either to an eyeball that is too 
short or occasionally to a lens system that is too weak when 
the dliary muscle is relaxed. In this condition, as seen in the 
middle panel of Figure 11-12, parallel light rays are not bent 
suffidently by the lens system to come to a focus by the time 
they reach the retina. To overcome this abnormality, the 
dliary muscle may contract to increase the strength of the 
lens. Therefore, the far-sighted person is capable, by using 
his mechanism of accommodation, of focusing distant ob¬ 
jects on the retina. If he has used only a small amount of 
strength in his dliary muscle to accommodate for the distant 
objects, then he still has much accommodative power left, 
and objects closer and closer to the eye can also be focused 
sharply until the dliary muscle has contracted to its limit. 

In old age, when the lens becomes presbyopic, the far¬ 
sighted person often is not able to accommodate his or her 
lens suffidently to focus even distant objects, much less to 
focus near objects. 

Myopia. In myopia, or "near-sightedness," when the dli¬ 
ary muscle is completely relaxed the light rays coming from 
distant objects are focused in front of the retina, as shown in 
the lower panel of Figure 11-12. This is usually due to too 
long an eyeball but it can occasionally result from too much 
refractive power of the lens system of the eye. 

No mechanism exists by which the eye can decrease the 
strength of its lens to less than that which exists when the 
dliary muscle is completely relaxed. Therefore, the myopic 
person has no mechanism by which he can ever focus distant 
objects sharply on his retina. However, as an object comes 
nearer to his eye, it finally comes near enough that its image 
will focus. Then, when the object comes still closer to the eye, 
the person can use his mechanism of accommodation to keep 
the image focused clearly. Therefore, a myopic person has a 
definite limiting "far point" for clear vision. 
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Correction of Myopia and Hyperopia by Use of Lenses. 
It vvill be recalled that light rays passing through a concave 
lens diverge. Therefore, if the refractive surfaces of the eye 
have too much refractive power, as in myopia, some of this 
excessive refractive power can be neutralized by placing in 
front of the eye a concave spherical lens, which v\^l diverge 
rays. 

On the other hand, in a person who has hyperopia — that 
is, someone who has too weak a lens system—the abnormal 
vision can be corrected by adding refractive power with a 
convex lens in front of the eye. These corrections are illus¬ 
trated in Figure 11-13. 

One usually determines the strength of the concave or 
convex lens needed for clear vision by "trial and error" — 
that is, by trying first a strong lens and then a stronger or 
weaker lens until the one that gives the best visual acuity is 
found. 

Astigmatism. Astigmatism is a refractive error of the lens 
system, caused usually by an oblong shape of the cornea or, 
rarely, an oblong shape of the lens. A lens surface like the 
side of an egg lying sidewise to the incoming light would be 
an example of an astigmatic lens. The degree of curvature in 
the plane through the long axis of the egg is not nearly so 
great as the degree of curvature in the plane through the 
short axis. 

Because the curvature of the astigmatic lens along one 
plane is less than the curvature along the other plane, light 
rays striking the peripheral portions of the lens in one plane 
are not bent nearly so much as are rays striking the periph¬ 
eral portions of the other plane. This is illustrated in Figure 
11-14, which shows rays of light emanating from a point 
source and passing through an oblong, astigmatic lens. The 
light rays in the vertical plane, indicated by plane BD, are 
refracted greatly by the astigmatic lens because of the greater 
curvature in the vertical direction than in the horizontal di¬ 
rection. However, the light rays in the horizontal plane, indi¬ 
cated by plane AC, are bent not nearly so much as the light 
rays in the vertical plane. It is obvious, therefore, that the 
light rays passing through an astigmatic lens do not all come 
to a common focal point, because the light rays passing 
through one plane focus far in front of those passing through 
the other plane. 

The accommodative powers of the eyes can never com¬ 
pensate for astigmatism because, during accommodation, 
the curvature of the eye lens changes equally in both planes. 



t= 

Figure 11 — 13. Correction of myopia with a concave lens, and 
correction of hyperopia with a convex lens. 


Point source 
of light 



Figure 11-14. Astigmatism, illustrating that light rays focus at 
one focal distance in one focal plane and at another focal distance 
in the plane at right angles. 


Therefore, when the accommodation corrects the refractive 
error in one plane, the error in the other plane is not cor¬ 
rected. That is, each of the two planes requires a different 
degree of accommodation to be corrected, so that the two 
planes are never corrected at the same time without the help 
of glasses. Thus, vision never occurs with a sharp focus. 

Correction of Astigmatism With a Cylindrical Lens. One 
may consider an astigmatic eye as having a lens system made 
up of two cylindrical lenses of different strengths and placed 
at right angles to each other. Therefore, to correct for astig¬ 
matism the usual procedure is to find a spherical lens by 
"trial and error" that corrects the focus in one of the two 
planes of the astigmatic lens. Then an additional cylindrical 
lens is used to correct the error in the remaining plane. To do 
this, both the axis and the strength of the required cylindrical 
lens must be determined. 

There are several methods for determining the axis of the 
abnormal cylindrical component of the lens system of an 
eye. One of these methods is based on the use of parallel 
black bars of the type shown in Figure 11-15. Some of these 
parallel bars are vertical, some horizontal, and some at var¬ 
ious angles to the vertical and horizontal axes. After placing 
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Figure 11 — 15. C'harl composed of parallel black bars for deter¬ 
mining the axis of astigmatism. 
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various spherical lenses in front of the astigmatic eye by trial 
and error, a strength of lens vrill usually be found that will 
cause sharp focus of one set of these parallel bars on the 
retina of the astigmatic eye but will not correct the fuzziness 
of the set of bars at right angles to the sharp bars. It can be 
shown from the physical principles of optics discussed ear¬ 
lier in this chapter that the axis of the out-of-focus cylindrical 
component of the optical system is parallel to the bars that 
are fuzzy. Once this axis is found, the examiner tries progres¬ 
sively stronger and weaker positive or negative cylindrical 
lenses, the axes of which are placed parallel to the out-of¬ 
focus bars, until the patient sees all the crossed bars with 
equal clarity. When this has been accomplished, the exam¬ 
iner directs the optician to grind a special lens having the 
spherical correction as well as the cylindrical correction at the 
appropriate axis. 

Correction of Optical Abnormalities by Use of Contact 
Lenses. In recent years, either glass or plastic contact lenses 
have been fitted snugly against the anterior surface of the 
cornea. These lenses are held in place by a thin layer of tears 
that fills the space between the contact lens and the anterior 
eye surface. 

A special feature of the contact lens is that it nullifies al¬ 
most entirely the refraction that normally occurs at the ante¬ 
rior surface of the cornea. The reason for this is that the tears 
between the contact lens and the cornea have a refractive 
index almost equal to that of the cornea, so that no longer 
does the anterior surface of the cornea play a significant role 
in the eye's optical system. Instead, the anterior surface of 
the contact lens now plays the major role and its posterior 
surface a minor role. Thus, the refraction of this lens substi¬ 
tutes for the cornea's usual refraction. This is especially im¬ 
portant in persons whose eye refractive errors are caused by 
an abnormally shaped cornea, such as persons who have an 
odd-shaped, bulging cornea—a condition called kerato- 
conus. Without the contact lens the bulging cornea causes 
such severe abnormality of vision that almost no glasses can 
correct the vision satisfactorily; when a contact lens is used, 
however, the comeal refraction is neutralized, and normal 
refraction by the anterior surface of the contact lens is substi¬ 
tuted in its place. 

The contact lens has several other advantages as well, 
including (1) the lens turns with the eye and gives a broader 
field of clear vision than do usual glasses, and (2) the contact 
lens has little effect on the size of the object that the person 
sees through the lens; on the other hand, lenses placed sev¬ 
eral centimeters in front of the eye do affect the size of the 
image in addition to correcting the focus. 

Cataracts. Cataracts are an especially common eye abnor¬ 
mality that occurs in older people. A cataract is a cloudy or 
opaque area or areas in the lens. In the early stage of cataract 
formation the proteins in some of the lens fibers become 
denatured. Later, these same proteins coagulate to form 
opaque areas in place of the normal transparent protein 
fibers. 

When a cataract has obscured light transmission so greatly 
that it seriously impairs vision, the condition can be corrected 
by surgical removal of the entire lens. When this is done, 
however, the eye loses a large portion of its refractive power, 
which must be replaced by a powerful convex lens in front of 
the eye, or an artificial lens of about + 20 diopters may be 
implanted inside the eye in place of the removed lens. 


ViSVAL ACUITY 

Theoretically, light from a distant point source, when 
focused on the retina, should be infinitely small. How¬ 


ever, since the lens system of the eye is not perfect, 
such a retinal spot ordinarily has a total diameter of 
about 11 pm even with maximal resolution of the opti¬ 
cal system. However, it is brightest in its very center 
and shades off gradually toward the edges, as illus¬ 
trated by the two-point images in Figure 11-16. 

The average diameter of cones in the fovea of the 
retina, the central part of the retina where vision is 
most highly developed, is approximately 1.5 pm, 
which is one seventh the diameter of the spot of light. 
Nevertheless, since the spot of light has a bright center 
point and shaded edges, a person can distinguish two 
separate points if their centers lie approximately 2 pm 
apart on the retina, which is slightly greater than the 
width of a foveal cone. This discrimination between 
points is also illustrated in Figure 11-16. 

The normal visual acuity of the human eye for dis¬ 
criminating between point sources of light is about 45 
sec of arc. That is, when light rays from two separate 
points strike the eye with an angle of at least 45 sec 
between them, they can usually be recognized as two 
points instead of one. This means that a person with 
normal acuity looking at two bright pinpoint spots of 
light 10 m away can barely distinguish the spots as 
separate entities when they are 1.5 to 2 mm apart. 

The fovea is less than one half a millimeter (less than 
500 pm) in diameter, which means that maximum vi¬ 
sual acuity occurs in only 3 degrees of the visual field. 
Outside this foveal area the visual acuity is reduced 
five- to tenfold, and it becomes progressively poorer as 
the periphery is approached. This is caused by the 
connection of many rods and cones to the same optic 
nerve fiber in the nonfoveal parts of the retina, as will 
be discussed in Chapter 13. 

Clinical Method for Stating Visual Acuity. Usu¬ 
ally the test chart for testing eyes is placed 20 ft away 
from the tested person, and if the person can see the 
letters of the size that he should be able to see at 20 ft, 
he is said to have 20/20 vision: that is, normal vision. If 
he can see only letters that he should be able to see at 
200 ft, he is said to have 20/200 vision. In other words, 
the clinical method for expressing visual acuity is to 
use a mathematical fraction that expresses the ratio of 
two distances, which is also the ratio of one's visual 
acuity to that of the normal person. 



light. 
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DETEmUMATWIV OF DMSTAMCE OF 
AIV OBJECT FROM THE EVE — DEPTH 
PERCEPTION 

The visual apparatus normally perceives distance by 
three major means. This phenomenon is known as 
depth perception. These means are (1) the size of the 
image of known objects on the retina, (2) the phenom¬ 
enon of moving parallax, and (3) the phenomenon of 
stereo psis. 

Determination of Distance by Sizes of Retinal 
Images of Known Objects. If one knows that a man 
whom he is viewing is 6 ft tall, he can determine how 
far away the man is simply by the size of the man's 
image on his retina. He does not consciously think 
about the size, but his brain has learned to calculate 
automatically from image sizes the distances of objects 
when the dimensions are known. 

Determination of Distance by Moving Parallax. 
Another important means by which the eyes deter¬ 
mine distance is that of moving parallax. If a person 
looks off into the distance with his eyes completely 
still, he perceives no moving parallax, but when he 
moves his head to one side or the other, the images of 
objects close to him move rapidly across his retinas 
while the images of distant objects remain rather sta¬ 
tionary. For instance, if he moves his head 1 in. and an 
object is only 1 in. in front of his eye, the image moves 
almost all the way across his retinas, whereas the 
image of an object 200 ft away from his eyes does not 
move perceptibly. Thus, by this mechanism of moving 
parallax, one can tell the relative distances of different 
objects even though only one eye is used. 

Determination of Distance by Stereopsis — 
Binocular Vision. Another method by which one per¬ 
ceives parallax is that of binocular vision. Because one 
eye is a little more than 2 in. to one side of the other 
eye, the images on the two retinas are different one 
from the other — that is, an object that is 1 in. in front 
of the bridge of the nose forms an image on the tem¬ 
poral portion of the retina of each eye, whereas a small 
object 20 ft in front of the nose has its image at closely 
corresponding points in the middle of each retina. This 
type of parallax is illustrated in Figure 11-17, which 
shows the images of a black spot and a square actually 
reversed on the two retinas because they are at differ- 



Fij^ure 11 — 17. Perception of distance (1) by the size of the image 
on the retina and (2) as a result of stereopsis. 
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Figure 11-IS. The optical system of the ophthalmoscope. 


ent distances in front of the eyes. This gives a type of 
parallax that is present all the time when both eyes are 
being used. It is almost entirely this binocular parallax 
(or stereopsis) that gives a person with two eyes far 
greater ability to judge relative distances when objects 
are nearby than a person who has only one eye. How¬ 
ever, stereopsis is virtually useless for depth percep¬ 
tion at distances beyond 200 ft. 


■ OPTICAL Ii\8TRLIi\IEi\T8 
THE OPHTHALMOSCOPE 

The ophthalmoscope is an instrument through which an ob¬ 
server can look into another person's eye and see the retina 
with clarity. Though the ophthalmoscope appears to be a 
relatively complicated instrument, its principles are simple. 
The basic components are illustrated in Figure 11-18 and 
may be explained as follows. 

If a bright spot of light is on the retina of an emmetropic eye, 
light rays from this spot diverge toward the lens system of 
the eye, and, after passing through the lens system, they are 
parallel with each other because the retina is located exactly 
one focal length distance behind the lens. Then, when these 
parallel rays pass into an emmetropic eye of another person, 
they focus back again to a point focus on the retina of the 
second person because his retina is also one focal length 
distance behind the lens. Therefore, any spot of light on the 
retina of the observed eye comes to a focal spot on the retina 
of the observing eye. Likewise, when the bright spot of light 
is moved to different points on the observed retina, the focal 
spot on the retina of the observer also moves an equal 
amount. Thus, if the retina of one person is made to emit 
light, the image of his retina will be focused on the retina of 
the observer provided the two eyes are simply looking into 
each other. These principles, of course, apply only to com¬ 
pletely emmetropic eyes. 

To make an ophthalmoscope, one need only devise a 
means for illuminating the retina to be examined. Then, the 
reflected light from that retina can be seen by the observ er 
simply by putting the two eyes close to each other. To illumi¬ 
nate the retina of the observed eye, an angulated mirror or a 
segment of a prism is placed in front of the observed eye in 
such a manner, as illustrated in Figure 11-18, that light from 
a bulb is reflected into the observed eye. Thus, the retina is 
illuminated through the pupil, and the observer sees into the 
subject's pupil by looking over the edge of the mirror or 
prism, or through an appropriately designed prism so that the 
light will not have to enter the pupil at an angle. 
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It was noted above that these principles apply only to 
persons with completely emmetropic eyes. If the refractive 
power of either eye is abnormal, it is necessary to correct this 
refractive power in order for the observer to see a sharp 
image of the observed retina. Therefore, the usual ophthal¬ 
moscope has a series of lenses mounted on a turret so that the 
turret can be rotated from one lens to another, and the cor¬ 
rection for abnormal refractive power of either or both eyes 
can be made by selecting a lens of appropriate strength. In 
normal young adults, when the two eyes come close to¬ 
gether, a natural accommodative reflex occurs that causes an 
approximate + 2 diopter increase in the strength of the lens 
of each eye. To correct for this, it is necessary that the lens 
turret be rotated to an approximately — 4 diopter correction. 


■ THE FELTD SYSTEM OF THE EYE — 

THE L\TRAOCULAR FLUID 

The eye is filled with intraocular fluid, which maintains suffi¬ 
cient pressure in the eyeball to keep it distended. Figure 
11-19 illustrates that this fluid can be divided into two por¬ 
tions, the aqueous humor, which lies in front and to the sides 
of the lens, and the fluid of the vitreous humor, which lies 
between the lens and the retina. The aqueous humor is a 
freely flowing fluid, whereas the vitreous humor, sometimes 
called the vitreous body, is a gelatinous mass held together by 
a fine fibrillar network composed primarily of large proteo¬ 
glycan molecules. Substances can diffuse slowly in the vitre¬ 
ous humor, but there is little flow of fluid. 

Aqueous humor is continually being formed and reab¬ 
sorbed. The balance between formation and reabsorption of 
aqueous humor regulates the total volume and pressure of 
the intraocular fluid. 


FOR3iATWX OF AQFEOVS HVUOR BV 
THE CILMARV BODY 

Aqueous humor is formed in the eye at an average rate of 2 to 
3 each minute. Essentially all of this is secreted by the 



Optic nerve 

Figure 11 — 19. Formation and flow of fluid in the eye. 
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Figure 11 — 20. Anatomy of the ciliary processes. 


ciliary processes, which are linear folds projecting from the 
ciliary body into the space behind the iris where the lens 
ligaments also attach to the eyeball. A cross-section of these 
ciliary processes is illustrated in Figure 11-20, and their rela¬ 
tionship to the fluid chambers of the eye can be seen in 
Figure 11-19. Because of their folded architecture, the total 
surface area of the ciliary processes is approximately 6 cm^ in 
each eye—a large area, considering the small size of the 
ciliary body. The surfaces of these processes are covered by 
epithelial cells, and immediately beneath these is a highly 
vascular area. 

Aqueous humor is formed almost entirely as an active 
secretion of the epithelium lining the ciliary processes. Se¬ 
cretion begins with active transport of sodium ions into the 
spaces between the epithelial cells. The sodium ions in turn 
pull chloride and bicarbonate ions along with them to main¬ 
tain electrical neutrality. Then all these ions together cause 
osmosis of water from the sublying tissue into the same epi¬ 
thelial intercellular spaces, and the resulting solution washes 
from the spaces onto the surfaces of the ciliary processes. In 
addition, several nutrients are transported across the epithe¬ 
lium by active transport or facilitated diffusion; these include 
amino acids, ascorbic acid, and probably also glucose. 


OUTFLOW OF AQUEOUS HU3IOR FROH 
THE EYE 

After aqueous humor is formed by the ciliary processes, it 
flows, as shown in Figure 11-19, between the ligaments of the 
lens, then through the pupil, and finally into the anterior 
chamber of the eye. Here, the fluid flows into the angle between 
the cornea and the iris and thence through a meshwork of 
trabeculae, finally entering the canal ofSchlemm, which emp¬ 
ties into extraocular veins. Figure 11-21 illustrates the ana¬ 
tomical structures at the iridocorneal angle, showing that the 
spaces between the trabeculae extend all the way from the 
anterior chamber to the canal of Schlemm. The canal of 
Schlemm in turn is a thin-walled vein that extends circum¬ 
ferentially all the way around the eye. Its endothelial mem¬ 
brane is so porous that even large protein molecules, as well 
as small particulate matter up to the size of red blood cells, 
can pass from the anterior chamber into the canal of 
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Fi^re 11 — 21. Anatomy of the iridocorneal angle, showing the 
system for outflow of aqueous humor into the conjunctival veins. 


Schlemm. Even though the canal of Schlemm is actually a 
venous blood vessel, so much aqueous humor normally 
flows into it that it is filled only with aqueous humor rather 
than with blood. Also, the small veins that lead from the 
canal of Schlemm to the larger veins of the eye usually con¬ 
tain only aqueous humor, and these are called aqueous veins. 


iXTRAOCVLAR PRESSURE 

The average normal intraocular pressure is approximately 15 
mm Hg, with a range of from 12 to 20. 

Tonometry. Because it is impractical to pass a needle into a 
patient's eye for measurement of intraocular pressure, this 
pressure is measured clinically by means of a tonometer, the 
principle of which is illustrated in Figure 11-22. The cornea 
of the eye is anesthetized with a local anesthetic, and the 
footplate of the tonometer is placed on the cornea. A small 
force is then applied to a central plunger, causing the part of 
the cornea beneath the plunger to be displaced inward. The 
amount of displacement is recorded on the scale of the to¬ 
nometer, and this in turn is calibrated in terms of intraocular 
pressure. 


Pressure applied 



Fi^re 11-22. Principles of the tonometer. 


Regulation of Intraocular Pressure. Intraocular pressure 
remains very constant in the normal eye, normally within 
about ± 2 mm Hg. The level of this pressure is determined 
mainly by the resistance to outflow of aqueous humor from 
the anterior chamber into the canal of Schlemm. This out¬ 
flow resistance results from a meshwork of trabeculae 
through which the fluid must percolate on its way from the 
lateral angles of the anterior chamber to the wall of the canal 
of Schlemm. These trabeculae have minute openings of only 
2 to 3 pm. The rate of fluid flow into the canal increases 
markedly as the pressure rises. At approximately 15 mm Hg 
in the normal eye the amount of fluid leaving the eye by way 
of the canal of Schlemm averages 2.5 /iL/min and exactly 
equals the inflow of fluid from the ciliary body. Therefore, 
normally the pressure remains at approximately this level of 
15 mm Hg. 

Cleansing of the Trabecular Spaces and of the Intraocu¬ 
lar Fluid. When large amounts of debris occur in the 
aqueous humor, as occurs following hemorrhage into the eye 
or during intraocular infection, the debris is likely to accu¬ 
mulate in the trabecular spaces leading to the canal of 
Schlemm, therefore preventing adequate reabsorption of 
fluid from the anterior chamber and sometimes causing 
glaucoma, as explained subsequently. However, on the sur¬ 
faces of the trabecular plates are large numbers of phagocytic 
cells. Also, immediately outside the canal of Schlemm is a 
layer of interstitial gel containing large numbers of reticu¬ 
loendothelial cells that have an extremely high capacity for 
both engulfing debris and degrading it into small molecular 
substances that can then be absorbed. Thus, this phagocytic 
system keeps the trabecular spaces cleaned. 

In addition, the surface of the iris and other surfaces of the 
eye behind the iris are covered with an epithelium that is 
capable of phagocytizing proteins and small particles from 
the aqueous humor, thereby helping maintain a perfectly 
clear fluid. 

Glaucoma. Glaucoma is one of the most common causes 
of blindness. It is a disease of the eye in which the intraocular 
pressure becomes pathologically high, sometimes rising to as 
high as 60 to 70 mm Hg. Pressures rising above as little as 20 
to 30 mm Hg can cause loss of vision when maintained for 
long periods of time. And the extremely high pressures can 
cause blindness within days or even hours. As the pressure 
rises, the axons of the optic nerv^e are compressed where they 
leave the eyeball at the optic disk. This compression is be¬ 
lieved to block axonal flow of cytoplasm from the neuronal 
cell bodies in the retina to the peripheral optic nerv^e fibers 
entering the brain. The result is lack of appropriate nutrition, 
which eventually causes death of the involved neurons. It is 
possible that compression of the retinal artery, which also 
enters the eyeball at the optic disk, adds as well to the neuro¬ 
nal damage by reducing nutrition to the retina. 

In most cases of glaucoma the abnormally high pressure 
results from increased resistance to fluid outflow through the 
trabecular spaces into the canal of Schlemm at the iridocor¬ 
neal junction. For instance, in acute eye inflammation, white 
blood cells and tissue debris can block these spaces and cause 
acute increase in intraocular pressure. In chronic conditions, 
especially in older age, fibrous occlusion of the trabecular 
spaces appears to be the likely culprit. 

Glaucoma can sometimes be treated by placing drops in 
the eye containing a drug that diffuses into the eyeball and 
causes reduced secretion or increased absorption of aqueous 
humor. However, when drug therapy fails, operative tech¬ 
niques to open the spaces of the trabeculae or to make chan¬ 
nels directly between the fluid space of the eyeball and the 
subconjunctival space outside the eyeball can often effec¬ 
tively reduce the pressure. 
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1Z 

The Eye: 

//. Receptor and JVeural Function 
of the Retina 


The retina is the light-sensitive portion of the eye, con¬ 
taining the cones, which are responsible for color vi¬ 
sion, and the rods, which are mainly responsible for 
vision in the dark. When the rods and cones are ex¬ 
cited, signals are transmitted through successive neu¬ 
rons in the retina itself and finally into the optic nerve 
fibers and cerebral cortex. The purpose of the present 
chapter is to explain specifically the mechanisms by 
which the rods and cones detect both white and col¬ 
ored light and then convert the visual image into nerve 
impulses. 

■ Ai\ATOMV Ai\D FUIVCTIOiV OF THE 
STRUCTURAL ELEMEIVTS OF THE 
RETI\A 

The Layers of the Retina. Figure 12-1 shows the func¬ 
tional components of the retina arranged in layers from the 
outside to the inside as follows: (1) pigment layer, (2) layer of 
rods and cones projecting into the pigment, (3) outer limiting 
membrane, (4) outer nuclear layer containing the cell bodies 
of the rods and cones, (5) outer plexiform layer, (6) inner 
nuclear layer, (7) inner plexiform layer, (8) ganglionic layer, 
(9) layer of optic nerve fibers, and (10) inner limiting mem¬ 
brane. 

After light passes through the lens system of the eye and 
then through the vitreous humor, it enters the retina from 
the inside (see Figure 12-1); that is, it passes through the 
ganglion cells, the plexiform layers, the nuclear layer, and 
the limiting membranes before it finally reaches the layer of 
rods and cones located all the way on the outer side of the 
retina. This distance is a thickness of several hundred mi¬ 
crometers; visual acuity is obviously decreased by this pas¬ 
sage through such nonhomogeneous tissue. However, in the 
central region of the retina, as will be discussed, the initial 
layers are pulled aside for prevention of this loss of acuity. 

The Foveal Region of the Retina and Its Importance in 
Acute Vision. A minute area in the center of the retina, 
illustrated in Figure 12-2, called the macula and occupying a 
total area of less than 1 mm^, is especially capable of acute 


and detailed vision. The central portion of the macula, only 
0.4 mm in diameter, is called the fovea; this area is composed 
entirely of cones, and the cones have a special structure that 
aids their detection of detail in the visual image, especially a 
long slender body, in contradiction to much larger cones 
located further peripherally in the retina. Also, in this region 
the blood vessels, the ganglion cells, the inner nuclear layer 
of cells, and the plexiform layers are all displaced to one side 
rather than resting directly on top of the cones. This allows 
light to pass unimpeded to the cones. 

The Rods and Cones. Figure 12-3 is a diagrammatic rep¬ 
resentation of a photoreceptor (either a rod or a cone), 
though the cones are distinguished by having a conical 
upper end (the outer segment) as shown in Figure 12-4. In 
general, the rods are narrower and longer than the cones, but 
this is not always the case. In the peripheral portions of the 
retina the rods are 2 to 5 jim in diameter, whereas the cones 
are 5 to 8 /im in diameter; in the central part of the retina, in 
the fovea, the cones have a diameter of only 1.5 jim. 

To the right in Figure 12-3 are labeled the four major 
functional segments of either a rod or a cone: (1) the outer 
segment, (2) the inner segment, (3) the nucleus, and (4) the 
synaptic body. In the outer segment the light-sensitive photo¬ 
chemical is found. In the case of the rods, this is rhodopsin, 
and in the cones it is one of several "'color" photochemicals 
that function almost exactly the same as rhodopsin except for 
differences in spectral sensitivity. 

Note in both Figures 12-3 and 12-4 the large numbers of 
discs in both the rods and the cones. In the cones, each of the 
discs is actually an infolded shelf of cell membrane; in the 
rods this is also true near the base of the rod. Hovv^ever, 
toward the tip of the rod the discs separate from the mem¬ 
brane and are flat sacs lying totally inside the cell. There are 
as many as 1000 discs in each rod or cone. 

Both rhodopsin and the color photochemicals are conju¬ 
gated proteins. These are incorporated into the membranes 
of the discs in the form of transmembrane proteins. The 
concentrations of these photosensitive pigments in the disc 
are so great that they constitute approximately 40 per cent of 
the entire mass of the outer segment. 

The inner segment contains the usual cytoplasm of the cell 
with the usual cytoplasmic organelles. Particularly impor- 
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OF LIGHT 

Figure 12-1. Plan of the retinal neurons. (Modified from 
Polyak: The Retina. Copyright 1941 by The Univ ersity of Chicago. 
All rights reserved.) 

tant are the mitochondria; we see later that the mitochondria 
in this segment play an important role in providing the en¬ 
ergy for function of the photoreceptors. 

The s\maptic body is the portion of the rod and cone that 
connects with the subsequent neuronal cells, the horizontal 
and bipolar cells, that represent the next stages in the vision 
chain. 

The Pigment Layer of the Retina. The black pigment 
melanin in the pigment layer prevents light reflection 
throughout the globe of the eyeball; this is extremely impor¬ 
tant for clear vision. This pigment performs the same func¬ 
tion in the eye as the black coloring inside the bellows of a 
camera. Without it, light rays would be reflected in all direc- 



Figure 12 — 3. Schematic drawing of the functional parts of the 
rods and cones. 


tions within the eyeball and would cause diffuse lighting of 
the retina rather than the contrast between dark and light 
spots required for formation of precise images. 

The importance of melanin in the pigment layer and cho¬ 
roid is well illustrated by its absence in albinos, persons here¬ 
ditarily lacking in melanin pigment in all parts of their 
bodies. When an albino enters a bright area, light that im¬ 
pinges on the retina is reflected in all directions by the white 
unpigmented surfaces so that a single discrete spot of light 
that would normally excite only a few rods or cones is re¬ 
flected everywhere and excites many of the receptors. There¬ 
fore, the visual acuity of albinos, even with the best of optical 
correction, is rarely better than 20/100 to 20/200. 


OUTSIDE 




Figure 12 — 2. Photomicrograph of the macula and of the fovea in its center. Note that the inner layers of the retina are pulled to the side to 
decrease the interference with light transmission. (From Fawcett: Bloom and Fawcett: A Textbook of Histologv\ 11th Ed. Philadelphia, U'. B. 
Saunders Company, 1986; courtesy of H. Mizoguchi.) 
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Figure 12 — 4. Membranous slruclures of the outer seg¬ 
ments of a rod (left) and a cone (right). (Courtesy of Dr. 
Richard Young.) 

The pigment layer also stores large quantities of vitamin A. 
This vitamin A is exchanged back and forth through the 
membranes of the outer segments of the rods and cones, 
which themselves are embedded in the pigment layers. We 
shall see later that vitamin A is an important precursor of the 
photosensitive pigments and that this interchange of vitamin 
A is very important for adjustment of the light sensitivity of 
the receptors. 

The Blood Supply of the Retina—The Arterial System 
and the Choroid. The nutrient blood supply for the inner 
layers of the retina is derived from the central retinal artery, 
which enters the eyeball along with the optic nerve and then 
divides to supply the entire inner retinal surface. Thus, to a 
great extent, the retina has its own blood supply indepen¬ 
dent of the other structures of the eye. 

However, the outer surface of the retina is adherent to the 
choroid, which is a highly vascular tissue between the retina 
and the sclera. The outer layers of the retina, including the 
outer segments of the rods and cones, depend mainly on 
diffusion from the choroid vessels for their nutrition, espe¬ 
cially for their oxygen. 

Retinal Detachment. The neural retina occasionally de¬ 
taches from the pigment epithelium. In some instances the 
cause of such detachment is injury to the eyeball that allows 
fluid or blood to collect between the retina and the pigment 
epithelium, but often it is also caused by contracture of fine 
collagenous fibrils in the vitreous humor, which pull the 
retina unevenly toward the interior of the globe. 

Fortunately, partly because of diffusion across the detach¬ 
ment gap and partly because of the independent blood sup¬ 
ply to the retina through the retinal artery, the detached 
retina can resist degeneration for days and can become func¬ 
tional once again if surgically replaced in its normal relation¬ 
ship with the pigment epithelium. But, if not replaced soon, 
the retina finally is destroyed and is then unable to function 
even after surgical repair. 


■ PHOTOCHEMISTRY OF 
VISIOiY 

Both the rods and cones contain chemicals that de¬ 
compose on exposure to light and, in the process, excite 
the nerve fibers leading from the eye. The chemical in 
the rods is called rhodopsin, and the light-sensitive 
chemicals in the cones have compositions only slightly 
different from that of rhodopsin. 

In the present section we discuss principally the 
photochemistry of rhodopsin, but we can apply almost 
exactly the same principles to the photochemistry of 
the cones. 


THE RHODOPSL\-RETI\AL VISVAL 
CYCLE, AAD EXCITATIOY OF THE RODS 

Rhodopsin and Its Decomposition by Light En¬ 
ergy. The outer segment of the rod that projects into 
the pigment layer of the retina has a concentration of 
about 40 per cent of the light-sensitive pigment called 
rhodopsin, or visual purple. This substance is a combi¬ 
nation of the protein scotopsin and the carotenoid pig¬ 
ment retinal (also called "'retinene"). Furthermore, the 
retinal is a particular type called 11-c/s retinal. This cis 
form of the retinal is important because only this form 
can bind with scotopsin to synthesize rhodopsin. 

When light energy is absorbed by rhodopsin, the 
rhodopsin begins within trillionths of a second to de¬ 
compose, as shown at the top of Figure 12-5. The 
cause of this is photoactivation of electrons in the reti- 
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Figure 12 — 5. The rhodopsin-retinal visual cycle, showing de¬ 
composition of rhodopsin during exposure to light and subse¬ 
quent slow reformation of rhodopsin by the chemical processes of 
the rod. 


nal portion of the rhodopsin, which leads to an instan¬ 
taneous change (on the order of trillionths of a second) 
of the cis form of retinal into an a\\-trans form, which 
still has the same chemical structure as the cis form but 
has a different physical structure — a straight molecule 
rather than a curv^ed molecule. Because the three-di¬ 
mensional orientation of the reactive sites of the all- 
trans retinal no longer fits with that of the reactive sites 
on the protein scotopsin, it begins to pull away from 
the scotopsin. The immediate product is hathorhodop- 
sin, which is a partially split combination of the all- 
trans retinal and scotopsin. Bathorhodopsin itself is an 
extremely unstable compound and decays in nanosec¬ 
onds to lumirhodopsin. This then decays in microsec¬ 
onds to metarhodopsin /, then in about a millisecond to 
metarhodopsin II, and, finally, much more slowly (in 
seconds) into the completely split products: scotopsin 
and all-trans retinal. It is the metarhodopsin II, also 
called activated rhodopsin, that excites electrical 
changes in the rods that then transmit the visual image 
into the central nervous system, as we discuss later. 

Reformation of Rhodopsin. The first stage in refor¬ 
mation of rhodopsin, as shown in Figure 12-5, is to 
reconvert the aW-trans retinal into 11-cfs retinal. In the 
dark this process is catalyzed by the enzyme retinal 
isomerase. Once the 11 -cis retinal is formed, it automat¬ 
ically recombines with the scotopsin to reform rho¬ 
dopsin, which then remains stable until its decomposi¬ 
tion is again triggered by absorption of light energy. 

The Role of Vitamin A in the Formation of Rho¬ 
dopsin. Note in Figure 12-5 that there is a second 
chemical route by which a\\-trans retinal can be con¬ 
verted into 11-cfs retinal. This is by conversion of the 
a\\-trans retinal first into all-trans retinol, which is one 
form of vitamin A. Then, the aW-trans retinol is con¬ 


verted into 11-cfs retinol under the influence of the 
enzyme isomerase. And, finally, the 11-cfs retinol is 
converted into 11-cfs retinal. 

Vitamin A is present both in the cytoplasm of the 
rods and in the pigment layer of the retina as well. 
Therefore, vitamin A is normally always available to 
form new retinal when needed. On the other hand, 
when there is excess retinal in the retina, the excess is 
converted back into vitamin A, thus reducing the 
amount of light-sensitive pigment in the retina. We 
shall see later that this interconversion between retinal 
and vitamin A is especially important in long-term 
adaptation of the retina to Afferent light intensities. 

Night Blindness. Night blindness occurs in severe \dtamin 
A deficiency. The simple reason for this is that not enough 
vitamin A is then available to form adequate quantities of 
retinal. Therefore, the amounts of rhodopsin that can be 
formed in the rods, as well as the amounts of color-photo¬ 
sensitive chemicals in the cones, are all depressed. This con¬ 
dition is called night blindness because the amount of light 
available at night is then too little to permit adequate vision, 
though in daylight the cones especially can still be excited 
despite their reduction in photochemical substances. 

For night blindness to occur, a person usually must remain 
on a vdtamin A-deficient diet for months, because large 
quantities of xitamin A are normally stored in the liver and 
can be made available to the eyes. However, once night 
blindness does develop, it can sometimes be completely 
cured in less than an hour by intravenous injection of vita¬ 
min A. 


Excitation of the Rod When Rhodopsin 
Ms Activated 

The Rod Receptor Potential Is Hyperpolarizing, 
Not Depolarizing. The rod receptor potential is dif¬ 
ferent from the receptor potentials in almost all other 
sensory receptors. That is, excitation of the rod causes 
increased negativity of the membrane potential, which 
is a state of hyperpolarization, rather than decreased 
negativity, which is the process of '"depolarization'' 
that is characteristic of almost all other sensory recep¬ 
tors. 

But how does the activation of rhodopsin cause hy¬ 
perpolarization? The answer to this is that when rho¬ 
dopsin decomposes, it decreases the membrane conduct¬ 
ance for sodium ions in the outer segment of the rod. And 
this causes hyperpolarization of the entire rod mem¬ 
brane in the following way: 

Figure 12-6 illustrates movement of sodium ions in 
a complete electrical circuit through the inner and 
outer segments of the rod. The inner segment contin¬ 
ually pumps sodium from inside the rod to the outside, 
thereby creating a negative potential on the inside of 
the entire cell. However, the membrane of the outer 
segment, in the dark state, is very leaky to sodium. 
Therefore, sodium continually leaks back to the inside 
of the rod and thereby neutralizes much of the negativ¬ 
ity on the inside of the entire cell. Thus, under normal 
conditions, when the rod is not excited there is a re¬ 
duced amount of electronegativity inside the mem¬ 
brane of the rod, normally about — 40 mV. 
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Figure 12 — 6. Theoretical basis for the generation of a hyper¬ 
polarization receptor potential caused by rhodopsin decompo¬ 
sition. 


When the rhodopsin in the outer segment of the rod 
is exposed to light and begins to decompose, this de¬ 
creases the outer segment conductance of sodium to 
the interior of the rod even though sodium ions con¬ 
tinue to be pumped out of the inner segment. Thus, 
more sodium ions now leave the rod than leak back in. 
Because these are positive ions, their loss from inside 
the rod creates increased negativity inside the mem¬ 
brane; and the greater the amount of light energy 
striking the rod, the greater the electronegativity— 
that is, the greater the degree of hyperpolarization. At 
maximum light intensity, the membrane potential ap¬ 
proaches — 70 to —80 mV, which is near the equilib¬ 
rium potential for potassium ions across the mem¬ 
brane. 

Duration of the Receptor Potential and Logarithm 
mic Relationship of the Receptor Potential to Light 
Intensity. When a sudden pulse of light strikes the 
retina, the transient hyperpolarization that occurs in 
rods — that is, the receptor potential that occurs — 
reaches a peak in about 0.3 sec and lasts for more than 
a second. In cones these changes occur four times as 
fast. Therefore, a visual image impinged on the retina 
for only a millionth of a second nevertheless can cause 
the sensation of seeing the image sometimes for longer 
than a second. 

Another characteristic of the receptor potential is 
that it is approximately proportional to the logarithm 
of the light intensity. This is exceedingly important, 
because it allows the eye to discriminate light intensi¬ 
ties through a range many thousand times as great as 
would be possible otherwise. 


Mechanism by Which Rhodopsin Decomposition 
Decreases Membrane Sodium Conductance —The 
Excitation "Cascade." Under optimal conditions, a 
single photon of light, the smallest possible quantal 
unit of light energy, can cause a measurable receptor 
potential in a rod of about 1 mV. Only 30 photons of 
light will cause half saturation of the rod. How can 
such a small amount of light cause such great excita¬ 
tion? The answer is that the photoreceptors have an 
extremely sensitive chemical cascade that amplifies 
the stimulatory effects about a millionfold, as follows: 

1. The photon activates an electron in the Il-cis reti¬ 
nal portion of the rhodopsin; this leads to the forma¬ 
tion of metarhodopsin ll, which is the active form of 
rhodopsin, as already discussed and illustrated in Fig¬ 
ure 12-5, 

2. The activated rhodopsin functions as an enzyme to 
activate many molecules of transducin, a protein 
present in an inactive form in the membranes of the 
discs and cell membrane of the rod. 

3. The activated transducin in turn activates many 
more molecules of phosphodiesterase. 

4. Activated phosphodiesterase is another enzyme; it 
immediately hydrolyzes many, many molecules of cy¬ 
clic guanosine monophosphate (cGMP), thus destroy¬ 
ing it. Before being destroyed, the cGMP had been 
bound with the sodium channel protein in a way to 
"splint" it in the open state, allowing continued rapid 
influx of sodium ions during dark conditions. But in 
light, when phosphodiesterase hydrolyzes the cGMP, 
this removes the splinting and causes the sodium 
channels to close. Several hundred channels close for 
each originally activated molecule of rhodopsin. Be¬ 
cause the sodium flux through each of these channels 
is extremely rapid, flow of more than a million sodium 
ions is blocked by the channel closure before the chan¬ 
nel opens again. This diminishment of sodium ion flow 
is what excites the rod, as already discussed. 

5. Within a small fraction of a second, another en¬ 
zyme, rhodopsin kinase, that is always present in the 
rod, inactivates the activated rhodopsin, and the entire 
cascade reverses back to the normal state with open 
sodium channels. 

Thus, the rods have invented an important chemical 
cascade that amplifies the effect of a single photon of 
light to cause movement of millions of sodium ions. 
This explains the extreme sensitivity of the rods under 
dark conditions. 

The cones are about 300 times less sensitive than the 
rods, but even this allows color vision in any light 
greater than very dim twilight. 


PHOTOCHEmSTRY OF COLOR VISIOS 
BY THE COSES 

It was pointed out at the outset of this discussion that 
the photochemicals in the cones have almost exactly 
the same chemical composition as that of rhodopsin 
in the rods. The only difference is that the protein 
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Figure 12 — 7. Light absorption by the respective pigments of the 
three color-receptive cones of the human retina. (Draum from 
curves recorded by Marks, Dobelle, and MacXichol, Jr.: Science, 
143:1181, 1964, and by Brown and Wald: Science, 144:45, 1964. 
Copyright 1964 by the American Association for the Advancement 
of Science.) 


portions, the opsins, called photopsins in the cones, are 
different from the scotopsin of the rods. The retinal 
portion is exactly the same in the cones as in the rods. 
The color-sensitive pigments of the cones, therefore, 
are combinations of retinal and photopsins. 

In the discussion of color vision later in the chapter, 
it will become evident that three different types of 
photochemicals are present in different cones, thus 
making these cones selectively sensitive to the differ¬ 
ent colors of blue, green, and red. These photochemi¬ 
cals are called, respectively, blue-sensitive pigment, 
green-sensitive pigment, and red-sensitive pigment. The 
absorption characteristics of the pigments in the three 
types of cones show peak absorbancies at light wave¬ 
lengths, respectively, of 445, 535, and 570 nm. These 
are also the wavelengths for peak light sensitivity for 
each type of cone, which begins to explain how the 
retina differentiates the colors. The approximate ab¬ 
sorption curves for these three pigments are shown in 
Figure 12-7. Also shown is the absorption curve for 
the rhodopsin of the rods, having a peak at 505 nm. 


AinrOXtATIC REGVI^TIOX OF 
RETIXAL SEXSirn iTk^ — DARK AXD 
LIGHT ADAPTATWX 

Relationship of Sensitivity to Pigment Concen¬ 
tration. The sensitivity of rods is approximately pro¬ 
portional to the antilogarithm of the rhodopsin con¬ 
centration, and it is assumed that this relationship also 
holds true in the cones. Therefore, the sensitivity of the 
rods and cones can be altered up or down tremen¬ 
dously by only slight changes in concentrations of the 
photosensitive chemicals. 

Light and Dark Adaptation. If a person has been in 
bright light for a long time, large proportions of the 
photochemicals in both the rods and cones have been 
reduced to retinal and opsins. Furthermore, much of 


the retinal of both the rods and cones has also been 
converted into vitamin A. Because of these two effects, 
the concentrations of the photosensitive chemicals are 
considerably reduced, and the sensitivity of the eye to 
light is even more reduced. This is called light adapta¬ 
tion. 

On the other hand, if the person remains in darkness 
for a long time, the retinal and opsins in the rods and 
cones are converted back into the light-sensitive pig¬ 
ments. Furthermore, vitamin A is reconverted back 
into retinal to give still additional light-sensitive pig¬ 
ments, the final limit being determined by the amount 
of opsins in the rods and cones. This is called dark 
adaptation. 

Figure 12-8 illustrates the course of dark adaptation 
when a person is exposed to total darkness after having 
been exposed to bright light for several hours. Note 
that sensitivity of the retina is very low on first entering 
the darkness, but within 1 min the sensitivity has in¬ 
creased tenfold — that is, the retina can respond to 
light of one tenth the previously required intensity. At 
the end of 20 min the sensitivity has increased about 
6000-fold, and at the end of 40 min it has increased 
about 25,000-fold. 

The resulting curve of Figure 12 - 8 is called the dark 
adaptation curve. Note, however, the inflection in the 
curve. The early portion of the curve is caused by adap¬ 
tation of the cones, for all of the chemical events of 
vision occur about 4 times as rapidly in cones as in 
rods. On the other hand, the cones do not achieve 
anywhere near the same degree of sensitivity as the 
rods. Therefore, despite rapid adaptation by the cones, 
they cease adapting after only a few minutes, while the 
slowly adapting rods continue to adapt for many min¬ 
utes and even hours, their sensitivity increasing tre¬ 
mendously. In addition, a large share of the greater 
sensitivity of the rods is also caused by convergence of 
as many as 100 or more rods onto a single ganglion cell 
in the retina; these rods summate to increase their sen¬ 
sitivity, as will be discussed later in the chapter. 



Figure 12-8. Dark adaptation, illustrating the relationship of 
cone adaptation to rod adaptation. 
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Other Mechanisms of Light and Dark Adaptation. In ad- 
dirion to adaptation caused by changes in concentrations of 
rhodopsin or color photochemicals, the eye has two other 
mechanisms for light and dark adaptation. The first of these 
is a change in pupillary size, which was discussed in the pre¬ 
vious chapter. This can cause adaptation of approximately 
30-fold because of changes in the amount of light allowed 
through the pupillary opening. 

The other mechanism is neural adaptation, involving the 
neurons in the successive stages of the visual chain in the 
retina itself. That is, when the light intensity first increases, 
the intensities of the signals transmitted by the bipolar cells, 
the horizontal cells, the amacrine cells, and the ganglion cells 
are all very intense. However, the intensities of most of these 
signals decrease rapidly. Although the degree of this adapta¬ 
tion is only a fewfold rather than the many thousand-fold 
that occurs during adaptation of the photochemical system, 
this neural adaptation occurs in a fraction of a second, in 
contrast to the many minutes required for full adaptation by 
the photochemicals. 

Value of Light and Dark Adaptation in Vision. Be¬ 
tween the limits of maximal dark adaptation and max¬ 
imal light adaptation, the eye can change its sensitivity 
to light by as much as 500,000 to 1,000,000 times, the 
sensitivity automatically adjusting to changes in illu¬ 
mination. 

Since the registration of images by the retina re¬ 
quires detection of both dark and light spots in the 
image, it is essential that the sensitivity of the retina 
always be adjusted so that the receptors respond to the 
lighter areas but not to the darker areas. An example of 
maladjustment of the retina occurs when a person 
leaves a movie theater and enters the bright sunlight, 
for even the dark spots in the images then seem ex¬ 
ceedingly bright, and, as a consequence, the entire vi¬ 
sual image is bleached, having little contrast between 
its different parts. Obviously, this is poor vision, and it 
remains poor until the retina has adapted sufficiently 
for the darker areas of the image no longer to stimulate 
the receptors excessively. 

Conversely, when a person enters darkness, the sen¬ 
sitivity of the retina is usually so slight that even the 
light spots in the image cannot excite the retina. After 
dark adaptation, however, the light spots begin to reg¬ 
ister. As an example of the extremes of light and dark 
adaptation, the intensity of sunlight is approximately 
10 billion times that of starlight; yet the eye can func¬ 
tion both in bright sunlight and in starlight. 

■ COLOR VISIOIV 

From the preceding sections, we know that different 
cones are sensitive to different colors of light. The 
present section is a discussion of the mechanisms by 
which the retina detects the different gradations of 
color in the visual spectrum. 


THE TRICOLOR HECHAiMSH OF 
COLOR DETECTION 

All the theories of color vision are based on the well- 
known observation that the human eye can detect al¬ 


most all gradations of colors when red, green, and blue 
monochromatic lights are appropriately mixed in dif¬ 
ferent combinations. 

Spectral Sensitivities of the Three Types of 
Cones. On the basis of color vision tests, the spectral 
sensitivities of the three different types of cones in 
human beings have been proved to be essentially the 
same as the light absorption curves for the three types 
of pigment found in the respective cones. These were 
illustrated in Figure 12-7 and are also shown in Figure 
12-9. These curves can explain most but not all the 
phenomena of color vision. 

Interpretation of Color in the Nervous System. 
Referring to Figure 12-9, one can see that an orange 
monochromatic light with a wavelength of 580 nm 
stimulates the red cones to a stimulus value of approxi¬ 
mately 99 (99 per cent of the peak stimulation at opti¬ 
mum wavelength), whereas it stimulates the green 
cones to a stimulus value of approximately 42 and the 
blue cones not at all. Thus, the ratios of stimulation of 
the three different types of cones in this instance are 
99:42:0. The nervous system interprets this set of 
ratios as the sensation of orange. On the other hand, a 
monochromatic blue light with a wavelength of 
450 nm stimulates the red cones to a stimulus value of 
0, the green cones to a value of 0, and the blue cones to 
a value of 97. This set of ratios—0:0:97 — is inter¬ 
preted by the nervous system as blue. Likewise, ratios 
of 83 :83:0 are interpreted as yellow, and 31:67:36 as 
green. 

Perception of White Light. Approximately equal 
stimulation of all the red, green, and blue cones gives 
one the sensation of seeing white. Yet there is no wave¬ 
length of light corresponding to white; instead, white 
is a combination of all the wavelengths of the spec¬ 
trum. Furthermore, the sensation of white can be 
achieved by stimulating the retina with a proper com¬ 
bination of only three chosen colors that stimulate the 
respective types of cones approximately equally. 


Blue Green Red 

cone cone cone 



Figure 12 — 9. Denion.slralion of the degree of stimulation of tlu^ 
dillerent eoh)i-sensitive con<?s by nK)noeliromatie lights of four 
separate colors; blue, green, yellou', and orange. 
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Failure of Changes in the Color of an Illuminating Light 
to Alter the Perceived Colors of a Visual Scene — The Plie- 
nomenon of Color Constancy. When Edwin Land was devel¬ 
oping the Polaroid color camera, he noted that changing the 
color of a light illuminating a scene altered the hue of a color 
picture taken by the camera but did not significantly alter the 
hue of the scene as observed by the human eye under the 
same changed light conditions. This phenomenon is called 
color constancy; to this day it has not been completely ex¬ 
plained. What is believed to occur is the following: 

First, the brain computes from all the colors in the scene 


Figure 12 — 10. Two Ishihara charts. Upper: In this chart, 
the normal person reads *'74,” whereas the red-green color 
blind person reads ”21.” Lower: In this chart, the red-blind 
person (protanope) reads ”2,” whereas the green-blind per¬ 
son (deuteranope) reads ”4. * The normal person reads ”42.” 
(From Ishihara: Tests for Colour-Blindness. 6th Ed. Tokyo, 
Kanehara and Co.) 

the overall hue of the entire vision. This computation is 
helped when some areas in the picture are known by the 
person to be white. Using this information of overall hue, the 
brain then adjusts mathematically for the changed color of 
the illuminating light, though the exact neural mechanism 
for doing this has not been explained. Spotted throughout 
the primary visual cortex of the brain are irregular peg¬ 
shaped blocks of cells called by the simple name "blobs” that 
demonstrate color constancy when the illuminating light 
changes its wavelength. Therefore, it is believed that some¬ 
where in the neighborhood of these blobs is located the com- 
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putational machinery that allows for this phenomenon of 
color constancy. 

Obviously, color constancy is of survival value to the for¬ 
aging animal when he must distinguish nutritious food from 
poisonous plants both in bright sunlight and in the rose-col¬ 
ored dawn of day. 


COLOR RLL\Di\ESS 

Red-Green Color Blindness. When a single group of 
color receptive cones is missing from the eye, the person is 
unable to distinguish some colors from others. For instance, 
one can see in Figure 12-9 that green, yellow, orange, and 
red colors, which are the colors between the wavelengths of 
525 and 675 nm, are normally distinguished one from the 
other entirely by the red and the green cones. If either of 
these two cones is missing, one no longer can use this mecha¬ 
nism for distinguishing these four colors; the person is espe¬ 
cially unable to distinguish red from green and therefore is 
said to have red-green color blindness. 

The person with loss of red cones is called a protanope; his 
overall visual spectrum is noticeably shortened at the long 
wavelength end because of lack of the red cones. The color 
blind person who lacks green cones is called a deuteranope; 
this person has a perfectly normal visual spectral width be¬ 
cause the absent green cones operate in the middle of the 
spectrum. 

Red-green color blindness is a genetic disease in males that 
is transmitted through the female. That is, genes in the fe¬ 
male X chromosome code for the respective cones. Yet color 
blindness almost never occurs in the female because at least 
one of her two X chromosomes will almost always have 
normal genes for all the cones. But the male has only one X 
chromosome, so that a missing gene will lead to color blind¬ 
ness in him. 

Since the X chromosome in the male is always inherited 
from the mother, never from the father, color blindness is 
passed from mother to son, and the mother is said to be a 
color blindness carrier; this is the case for about 8 per cent of 
all women. 

Blue Weakness. Only rarely are blue cones missing, 
though sometimes they are underrepresented, which is a 
state also genetically inherited, giving rise to the phenome¬ 
non called blue weakness. 

Color Test Charts. A rapid method for determining color 
blindness is based on the use of spot-charts such as those 
illustrated in Figure 12-10. These charts are arranged with a 
confusion of spots of several different colors. In the top 
chart, the normal person reads "74/' while the red-green 
color blind person reads '"21." In the bottom chart, the nor¬ 
mal person reads "42," while the red blind "protanope" 
reads "2," and the green blind "deuteranope" reads "4." 

If one will study these charts while at the same time ob¬ 
serving the spectral sensitivity curves of the different cones 
in Figure 12-9, it can be readily understood how excessive 
emphasis can be placed on spots of certain colors by color 
blind persons in comparison with normal persons. 

■ THE IVEERAL FElVCTIOiV OF 
THE RETIIVA 

THE \EVRAL CMRClJtTRT OF THE 
RETLXA 

The first figure of this chapter. Figure 12-1, illustrated 
the tremendous complexity of neural organization in 


the retina. To simplify this. Figure 12-11 presents the 
basic essentials of the retina's neural connections. The 
different neuronal cell types are: 

1. The photoreceptors themselves: the rods and 
cones. 

2. The horizontal cells, which transmit signals hori¬ 
zontally in the outer plexiform layer from the rods and 
cones to the bipolar cell dendrites. 

3. The bipolar cells, which transmit signals from the 
rods, cones, and horizontal cells to the inner plexiform 
layer, where they synapse with either amacrine cells or 
ganglion cells. 

4. The amacrine cells, which transmit signals in two 
directions, either directly from bipolar cells to ganglion 
cells or horizontally within the inner plexiform layer 
between the axons of the bipolar cells, the dendrites of 
the ganglion cells, and/or other amacrine cells. 

5. The ganglion cells, which transmit output signals 
from the retina through the optic nerve into the brain. 

Still a sixth type of neuronal cell in the retina is the 
interplexiform cell. This cell transmits signals in the 
retrograde direction from the inner plexiform layer to 
the outer plexiform layer. These signals are all inhibi¬ 
tory and are believed to control the lateral spread of 
visual signals by the horizontal cells in the outer plexi¬ 
form layer. Their role possibly is to control the degree 
of contrast in the visual image. 

The Direct Visual Pathways From the Receptors 
to the Ganglion Cells. As is true of many of our sen¬ 
sory systems, the retina has both a very old type of 
vision based on rod vision and a new type of vision 
based on cone vision. The neurons and nerve fibers 
that conduct the visual signals for cone vision are con¬ 
siderably larger than those for rod vision, and the sig¬ 
nals are conducted to the brain two to five times as 
rapidly. Also, the circuitries for the two systems are 
slightly different as follows: 



Fij(ure 12—11. N'eiiral organization of the retina; peripheral 
area to the left, foveal area to the right 
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To the far right of Figure 12-11 is illustrated the 
visual pathway from the foveal portion of the retina, 
representing the new, fast system. This shows three 
neurons in the direct pathway: (1) cones, (2) bipolar 
cells, and (3) ganglion cells. In addition, horizontal 
cells transmit inhibitory signals laterally in the outer 
plexiform layer, and amacrine cells transmit signals 
laterally in the inner plexiform layer. 

To the left in Figure 12-11 is illustrated the neural 
connections for the peripheral retina where both rods 
and cones are present. Three bipolar cells are shown; 
the middle of these connects only to rods, representing 
the old visual system. In this case, the output from the 
bipolar cell passes only to amacrine cells, and these in 
turn relay the signals to the ganglion cells. Thus, for 
pure rod vision there are four neurons in the direct 
visual pathway: (1) rods, (2) bipolar cells, (3) amacrine 
cells, and (4) ganglion cells. Also, both horizontal and 
amacrine cells provide lateral connectivity. 

The other two bipolar cells illustrated in the periph¬ 
eral retinal circuitry of Figure 12-11 connect with both 
rods and cones; the outputs of these bipolar cells pass 
both directly to ganglion cells and also by way of ama¬ 
crine cells. 

Neurotransmitters Released by Retinal Neurons. 
The neurotransmitters employed for synaptic trans¬ 
mission in the retina still have not all been delineated 
clearly. However, it is believed that both the rods and 
the cones release glutamate, an excitatory transmitter, 
at their synapses with the bipolar and horizontal cells. 
And histological and pharmacological studies have 
shown there to be many different types of amacrine 
cells secreting at least five different types of transmitter 
substances: gamma-aminobutyric acid (GABA), glycine, 
dopamine, acetylcholine, and indolamine, all of which 
normally function as inhibitory transmitters. The 
transmitters of the bipolar, horizontal, and interplexi- 
form cells are still unknown. 

Transmission of Most Signals Occurs in the Ret¬ 
ina by Electrotonic Conduction, Not by Action Po¬ 
tentials. The only retinal neurons that always transmit 
visual signals by means of action potentials are the 
ganglion cells; and these send their signals all the way 
to the brain. Occasionally, though, action potentials 
have also been recorded in amacrine cells, though the 
importance of these action potentials is questionable. 
Otherwise, all the retinal neurons conduct their visual 
signals by electrotonic conduction, which can be ex¬ 
plained as follows: 

Electrotonic conduction means direct flow of electri¬ 
cal current, not action potentials, in the neuronal cyto¬ 
plasm from the point of excitation all the way to the 
output synapses. In fact, even in the rods and cones, 
conduction from their outer segments where the visual 
signals are generated to the synaptic bodies is by elec¬ 
trotonic conduction. That is, when hyperpolarization 
occurs in response to light in the outer segment, ap¬ 
proximately the same degree of hyperpolarization is 
conducted by direct electrical current flow to the syn¬ 
aptic body, and no action potential at all occurs. Then, 
when the transmitter from a rod or cone stimulates a 
bipolar cell or horizontal cell, once again the signal is 


transmitted from the input to the output by direct elec¬ 
trical current flow, not by action potentials. Electro¬ 
tonic conduction is also the means of signal transmis¬ 
sion in most, if not all, of the different types of 
amacrine cells as well. 

The importance of electrotonic conduction is that it 
allows graded conduction of signal strength. Thus, for 
the rods and cones, the hyperpolarizing output signal 
is directly related to the intensity of illumination; the 
signal is not all-or-none, as would be the case for action 
potential conduction. 


LATERAL L\HtBtTiOi\ TO EiXHAJSCE 
ViSUAL COXTRAST—FUXCTIOX OF 
THE nORIZOXTAL CELLS 

The horizontal cells, illustrated in Figure 12-11, con¬ 
nect laterally between the synaptic bodies of the rods 
and cones and also with the dendrites of the bipolar 
cells. The outputs of the horizontal cells are always 
inhibitory. Therefore, this lateral connection provides 
the same phenomenon of lateral inhibition that is im¬ 
portant in all other sensory systems, that is, allowing 
faithful transmission of visual patterns into the central 
nervous system. This phenomenon is illustrated in Fig¬ 
ure 12-12, which shows a very minute spot of light 
focused on the retina. The visual pathway from the 
centralmost area where the light strikes is excited, 
whereas the area to the side, called the ''surround," is 
inhibited. In other words, instead of the excitatory sig¬ 
nal spreading widely in the retina because of the 
spreading dendritic and axonal trees in the plexiform 
layers, transmission through the horizontal cells puts a 
stop to this by providing lateral inhibition in the sur¬ 
rounding area. This is an essential mechanism allow¬ 
ing high visual accuracy in transmitting contrast 
borders in the visual image. It is probable that some of 
the amacrine cells provide additional lateral inhibition 
and further enhancement of visual contrast in the 
inner plexiform layer of the retina as well. 



Figure 12 — 12. Excitation and inhibition of a retinal area caused 
by a small beam of light. 
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EXCITATIOi\ OF SOME RIPOLAR 
CELLS Aj\D LXHIBiriOiX OF OTHERS 
— THE DEPOLARIZING AND 
HTPERPOLARIZING BIPOLAR CELLS 

Two different types of bipolar cells provide opposing 
excitatory and inhibitory signals in the visual pathway, 
the depolarizing bipolar cell and the hyperpolarizing bi¬ 
polar cell. That is, some bipolar cells depolarize when 
the rods and cones are excited, and others hyperpo- 
larize. 

There are two possible explanations for this differ¬ 
ence in response of the two different types of bipolar 
cells. One explanation is that the two bipolar cells are 
of entirely different types, one responding to the glu¬ 
tamate neurotransmitter released by the rods and 
cones by depolarizing and the other responding by 
hyperpolarizing. The other possibility is that one of the 
bipolar cells receives direct excitation from the rods 
and cones, whereas the other receives its signal indi¬ 
rectly through a horizontal cell. Because the horizontal 
cell is an inhibitory cell, this would reverse the polarity 
of the electrical response. 

Regardless of the mechanism for the two different 
types of bipolar responses, the importance of this phe¬ 
nomenon is that it allows half of the bipolar cells to 
transmit positive signals and the other half to transmit 
negative signals. We shall see later that both positive 
and negative signals are used in transmitting visual 
information to the brain. 

Another importance of this reciprocal relationship 
between depolarizing and hyperpolarizing bipolar 
cells is that it provides a second mechanism for lateral 
inhibition in addition to the horizontal cell mecha¬ 
nism. Since depolarizing and hyperpolarizing bipolar 
cells lie immediately against each other, this gives an 
extremely acute mechanism for separating contrast 
borders in the visual image even when the border lies 
exactly between two adjacent photoreceptors. 


THE A3IACRINE CELLS AND THEIR 
FVNCTIONS 

About 30 different types of amacrine cells have been 
identified by morphological or histochemical means. 
The functions of a half dozen different types of ama¬ 
crine cells have been characterized, and all of these are 
different from each other. It is probable that other 
amacrine cells have many additional functions yet to 
be determined. 

One type of amacrine cell is part of the direct path¬ 
way for rod vision — that is, from rod to bipolar cells to 
amacrine cells to ganglion cells. 

Another type of amacrine cell responds very 
strongly at the onset of a visual signal, but the response 
dies out rapidly. Other amacrine cells respond very 
strongly at the offset of visual signals, but again the 
response dies quickly. Finally, still other amacrine cells 
respond both when a light is turned on or off, signal¬ 
ling simply a change in illumination irrespective of 
direction. 


Still another type of amacrine cell responds to move¬ 
ment of a spot across the retina in a specific direction; 
therefore, these amacrine cells are said to be directional 
sensitive. 

In a sense, then, amacrine cells are types of inter¬ 
neurons that help in the beginning analysis of visual 
signals before they ever leave the retina. 


THE GANGLION CELLS 

Connectivity of the Ganglion Cells With Cones in 
the Fovea and With Rods and Cones in the Periph¬ 
eral Retina. Each retina contains about 100,000,000 
rods and 3,000,000 cones; yet the number of ganglion 
cells is only about 1,600,000. Thus, an average of 60 
rods and 2 cones converge on each optic nerve fiber. 

However, major differences exist between the pe¬ 
ripheral retina and the central retina. As one ap¬ 
proaches the fovea, fewer rods and cones converge on 
each optic fiber, and the rods and cones both become 
slenderer. These two effects progressively increase the 
acuity of vision toward the central retina. And in the 
very center, in the fovea itself, there are only slender 
cones, about 35,000 of them, and no rods at all. Also, 
the number of optic nerve fibers leading from this part 
of the retina is almost equal to the number of cones, as 
illustrated to the right in Figure 12-11. This mainly 
explains the high degree of visual acuity in the central 
retina in comparison with much poorer acuity periph¬ 
erally. 

Another difference between the peripheral and cen¬ 
tral portions of the retina is a much greater sensitivity 
of the peripheral retina to weak light. This results 
partly from the fact that rods are about 300 times more 
sensitive to light than are cones, but it is further mag¬ 
nified by the fact that as many as 200 rods converge on 
the same optic nerve fiber in the more peripheral por¬ 
tions of the retina, so that the signals from the rods 
summate to give even more intense stimulation of the 
peripheral ganglion cells. 

Three Different Types of Retinal 
Ganglion Cells and Their 
Respective Fields 

There are three distinct groups of ganglion cells desig¬ 
nated as W, X, and Y cells. Each of these serves a 
different function: 

Transmission of Rod Vision by the W Cells. The 
W cells, constituting about 40 per cent of all the gan¬ 
glion cells, are small, having a diameter less than 
10//m and transmitting signals in their optic nerve 
fibers at the slow velocity of only 8 m/sec. These gan¬ 
glion cells receive most of their excitation from rods, 
transmitted by way of small bipolar cells and amacrine 
cells. They have very broad fields in the retina because 
their dendrites spread widely in the inner plexiform 
layer, receiving signals from broad areas. 

On the basis of histology as well as physiological 
experiments, it appears that the W cells are especially 
sensitive for detecting directional movement any- 
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where in the field of vision, and they probably also are 
important for much of our rod vision under dark con¬ 
ditions. 

Transmission of the Visual Image and Color by 
the X Cells. The most numerous of the ganglion cells 
are the X cells, representing 55 per cent of the total. 
They are of medium diameter, between 10 and 15 //m, 
and transmit signals in their optic nerve fibers at about 
14 m/sec. 

The X cells have very small fields because their den¬ 
drites do not spread widely in the retina. Because of 
this, the signals represent rather discrete retinal loca¬ 
tions. Therefore, it is through the X cells that the visual 
image itself is mainly transmitted. Also, because every 
X cell receives input from at least one cone, X cell 
transmission is probably responsible for all color vision 
as well. 

Function of the Y Cells to Transmit Instantaneous 
Changes in the Visual Image. The Y cells are the 
largest of all, up to 35 /im in diameter, and they trans¬ 
mit their signals to the brain faster than 50 m/sec. 
However, they are also the fewest of all the ganglion 
cells, representing only 5 per cent of the total. Yet they 
have very broad dendritic fields, so that signals are 
picked up by these cells from widespread retinal areas. 

The Y ganglion cells respond like many of the ama- 
crine cells to rapid changes in the visual image, either 
rapid movement or rapid change in light intensity, 
sending bursts of signals for only a fraction of a second 
before the signal dies out. Therefore, these ganglion 
cells undoubtedly apprise the central nervous system 
almost instantaneously when an abnormal visual 
event occurs anywhere in the visual field, but without 
specifying with great accuracy the location of the event 
other than to give appropriate clues for moving the 
eyes toward the exciting vision. 

Excitation of the Ganglion Cells 

Spontaneous, Continuous Action Potentials in 
the Ganglion Cells. It is from the ganglion cells that 
the long fibers of the optic nerve lead into the brain. 
Because of the distance involved, the electrotonic 
method of conduction is no longer appropriate; and, 
true enough, ganglion cells transmit their signals by 
means of action potentials instead. Furthermore, even 
when unstimulated they still transmit continuous im¬ 
pulses at rates varying between 5 and 40 per second, 
with the larger nerve fibers, in general, firing more 
rapidly. The visual signals, in turn, are superimposed 
onto this background ganglion cell firing. 

Transmission of Changes in Light Intensity— 
The On-Off Response. Many ganglion cells are espe¬ 
cially excited by changes in light intensity. This is illus¬ 
trated by the records of nerve impulses in Figure 
12-13, showing in the upper panel strong excitation 
for a fraction of a second when a light was first turned 
on; then in another fraction of a second the level of 
excitation diminished. The lower tracing is from a gan¬ 
glion cell located in the dark area lateral to the spot of 
light; this cell was markedly inhibited when the light 


on off 

Jiiiiiiiiiiiiiiiniiiiii' . 
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Lateral inhibition 


Figure 12-13. Responses of ganglion cells to light in (1) an area 
excited by a spot of light and (2) an area immediately adjacent to 
the excited spot; the ganglion cells in this area are inhibited by the 
mechanism of lateral inhibition. (Modified from Granit: Receptors 
and Sensory Perception: A Discussion of Aims, IVleans, and Results 
of Electrophysiological Research into the Process of Reception. 
New Haven, Conn., Yale University Press, 1955.) 


was turned on because of lateral inhibition. Then, 
when the light was turned off, exactly the opposite 
effects occurred. Thus, these records are called ''on- 
off " and "off-on" responses. The opposite directions 
of these responses to light are caused, respectively, by 
the depolarizing and hyperpolarizing bipolar cells, and 
the transient nature of the responses was probably 
generated by the amacrine cells, many of which also 
have similar transient responses themselves. 

This capability of the eyes to detect change in light 
intensity is equally developed in the peripheral retina 
as in the central retina. For instance, a minute gnat 
flying across the peripheral field of vision is instanta¬ 
neously detected. On the other hand, the same gnat 
sitting quietly remains entirely below the threshold of 
visual detection. 

Transmission of Signals Depicting 
Contrasts in the Visual Scene — The 
Role of Lateral Inhibition 

Most of the ganglion cells do not respond to the actual 
level of illumination of the scene; instead they respond 
mainly to contrast borders in the scene. Since it seems 
that this is the major means by which the form of the 
scene is transmitted to the brain, let us explain how this 
process occurs. 

When flat light is applied to the entire retina — that 
is, when all the photoreceptors are stimulated equally 
by the incident light—the contrast type of ganglion 
cell is neither stimulated nor inhibited. The reason for 
this is that the signals transmitted directly from the 
photoreceptors through the depolarizing bipolar cells 
are excitatory, whereas the signals transmitted laterally 
through the horizontal cells and hyperpolarizing bipo¬ 
lar cells are inhibitory. Thus, the direct excitatory sig¬ 
nal through one pathway is likely to be completely 
neutralized by the inhibitory signals through the lat¬ 
eral pathways. One circuit for this is illustrated in Fig¬ 
ure 12-14, which shows three photoreceptors; the 
central one of these receptors excites a depolarizing 
bipolar cell. However, the two receptors on either side 
are connected to the same bipolar cell through inhibi¬ 
tory horizontal cells that neutralize the direct excit¬ 
atory signal if these receptors are also stimulated by 
light. 
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Figure 12-14. Typical arrangement of rods, horizontal cells 
(H), a bipolar cell (B), and a ganglion cell (G) in the retina, showing 
excitation at the synapses betw een the rods and the horizontal 
cells but inhibition betw een the horizontal cells and the bipolar 
cells. 


Now, let us examine what happens when a contrast 
border occurs in the visual scene. Referring again to 
Figure 12-14, let us assume that the central photore¬ 
ceptor is stimulated by a bright spot of light while one 
of the two lateral receptors is in the dark. The bright 
spot of light will excite the direct pathway through the 
bipolar cell. Then, in addition, the fact that one of the 
lateral photoreceptors is in the dark causes one of the 
horizontal cells to be inhibited. In turn, this cell loses its 
inhibitory effect on the bipolar cell, and this allows still 
more excitation of the bipolar cell. Thus, when light is 
ever}^where, the excitatory and inhibitory signals to 
the bipolar cells mainly neutralize each other, but 
where contrasts occur the signals through the direct 
and lateral pathways actually accentuate each other. 

Thus, the mechanism of lateral inhibition functions 
in the eye in the same way that it functions in most 
other sensory systems as well — that is, to provide 
contrast detection and enhancement. 


Transmission of Color Signals by the 
Ganglion Cells 

A single ganglion cell may be stimulated by a number 
of cones or by only a very few. When all three types of 
cones — the red, blue, and green types—stimulate the 
same ganglion cell, the signal transmitted through the 
ganglion cell is the same for any color of the spectrum. 


Therefore, this signal plays no role in the detection of 
the different colors. Instead, it is a '"white" signal. 

On the other hand, some of the ganglion cells are 
excited by only one color type of cone but inhibited by 
a second type. For instance, this frequently occurs for 
the red and green cones, red causing excitation and 
green causing inhibition—or vice versa, with green 
causing excitation and red, inhibition. The same type 
of reciprocal effect also occurs between blue cones on 
the one hand and a combination of red and green 
cones on the other hand, giving a reciprocal excitation 
inhibition relationship between the blue and yellow 
colors. 

The mechanism of this opposing effect of colors is 
the following: One color-type cone excites the gan¬ 
glion cell by the direct excitatory route through a de¬ 
polarizing bipolar cell, w'hile the other color type in¬ 
hibits the ganglion cell by the indirect inhibitory route 
through a horizontal cell or a hyperpolarizing bipolar 
cell. 

The importance of these color-contrast mechanisms 
is that they represent a mechanism by which the retina 
itself begins to differentiate colors. Thus each color- 
contrast type of ganglion cell is excited by one color but 
inhibited by the "opponent color." Therefore, the pro¬ 
cess of color analysis begins in the retina and is not 
entirely a function of the brain. 
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of Vision 


m THE VISUAL PATHWAYS 

Figure 13-1 illustrates the principal visual pathways 
from the two retinas to the visual cortex. After nerve 
impulses leave the retinas they pass backward through 
the optic nerves. At the optic chiasm all the fibers from 
the nasal halves of the retinas cross to the opposite 
side, where they join the fibers from the opposite tem¬ 
poral retinas to form the optic tracts. The fibers of each 
optic tract synapse in the dorsal lateral geniculate nu¬ 
cleus, and from here [he geniculocalcarine fibers pass by 
way of the optic radiation, or geniculocalcarine tract, to 
the primary visual cortex in the calcarine area of the 
occipital lobe. 

In addition, visual fibers also pass to older precorti- 
cal areas of the brain: (1) from the optic tracts to the 
suprachiasmatic nucleus of the hypothalamus, presum¬ 
ably for controlling circadian rhythms; (2) into the pre¬ 
tectal nuclei, for eliciting some reflex movements of the 
eyes focused on objects of importance and also for 
activating the pupillary light reflex; (3) into the supe¬ 
rior colliculus, for control of rapid directional move¬ 
ments of the two eyes; and (4) into the ventral lateral 
geniculate nucleus of the thalamus and thence into 
surrounding basal regions of the brain, presumably 
to help control some of the body's behavioral func¬ 
tions. 

Thus, the visual pathways can be divided roughly 
into an old system to the midbrain and base of the 
forebrain and a new system for direct transmission into 
the visual cortex. The new system is responsible in man 
for the perception of virtually all aspects of visual 
form, colors, and other conscious vision. On the other 
hand, in many lower animals, even visual form is de¬ 
tected by the older system, using the superior colli¬ 
culus in the same manner that the visual cortex is used 
in mammals. 


FUIVCTIOM OF THE DORSAL LATERAL 
GEAICULATE IVVCLEVS 

The optic nerve fibers of the new visual system all 
terminate in the dorsal lateral geniculate nucleus, lo¬ 
cated at the dorsal end of the thalamus and frequently 
also called the lateral geniculate body. The dorsal lateral 
geniculate nucleus serves two principal functions: 
First, it serves as a relay station to relay visual informa¬ 
tion from the optic tract to the visual cortex by way 
of the geniculocalcarine tract. This relay function 
is very accurate, so much so that there is exact point- 
to-point transmission with a high degree of spa¬ 
tial fidelity all the way from the retina to the visual 
cortex. 

It will be recalled that half of the fibers in each optic 
tract after passing the optic chiasm are derived from 
one eye and half from the other eye, representing cor¬ 
responding points on the two retinas. However, the 
signals from the two eyes are kept apart in the dorsal 
lateral geniculate nucleus. This nucleus is composed of 
six nuclear layers. Layers II, III, and V (from ventral to 
dorsal) receive signals from the temporal portion of the 
ipsilateral retina, whereas layers I, IV, and VI receive 
signals from the nasal retina of the opposite eye. The 
respective retinal areas of the two eyes connect with 
neurons that are approximately superimposed over 
each other in the paired layers, and similar parallel 
transmission is preserved all the way back to the visual 
cortex. 

The second major function of the dorsal lateral ge¬ 
niculate nucleus is to "gate" the transmission of signals 
to the visual cortex, that is, to control how much of the 
signal is allowed to pass to the cortex. The nucleus 
receives gating control signals from two major sources, 
(1) corticofugal fibers returning in a backward direction 
from the primary visual cortex to the lateral geniculate 

tar 
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Lateral geniculate body 



Figure 13 — 1. The principal visual pathways from the eyes to 
the visual cortex. (Modified from Polyak: The Retina. Copyright 
1941 by The University of Chicago. All rights reserved.) 


nucleus and (2) the reticular areas of the mesencepha¬ 
lon. Both of these are inhibitory and, when stimulated, 
can literally turn off transmission through selected 
portions of the dorsal lateral geniculate nucleus. 
Therefore, it is assumed that both of these gating cir¬ 
cuits help to control the visual information that is al¬ 
lowed to pass. 

Finally, the dorsal lateral geniculate nucleus is di¬ 
vided in another way: (1) Layers 1 and 11 are called 
magnocellular layers because they contain very large 
neurons. These receive their usual input almost en¬ 
tirely from the large type Y retinal ganglion cells. This 
magnocellular system provides a very rapidly con¬ 
ducting pathway to the visual cortex. On the other 
hand, it is "'color blind," transmitting only black and 
white information. Also, its point-to-point transmis¬ 
sion is poor, for there are not so many Y ganglion cells, 
and their dendrites spread widely in the retina. (2) 
Layers 111 through VI are called parvocellular layers 
because they contain large numbers of small- to me¬ 
dium-sized neurons. These receive their input almost 
entirely from the type X retinal ganglion cells that 
transmit color and also convey accurate point-to-point 
spatial information but at only a moderate velocity of 
conduction, rather than high velocity. 

■ ORGAIVIZATIOi\ AiVD 

FUIVCTIOIV OF THE VISUAL 
CORTEX 

Figures 13-2 and 13-3 show that the visual cortex is 
located primarily in the occipital lobes. Like the cortical 
representations of the other sensory systems, the vi¬ 
sual cortex is divided into a primary visual cortex and 
secondary visual areas. 


Motor cortex 



Figure 13-2. Transmission of visual signals from the primary 
visual cortex into secondary visual areas. Note that the signals 
representing form, third dimensional position, and motion are 
transmitted mainly superiorly into the superior portions of the 
occipital lobe and the posterior parietal lobe. By contrast, the sig¬ 
nals for visual detail and color are transmitted mainly into the 
anteroventral portion of the occipital lobe and ventral portion of 
the posterior temporal lobe. 


The Primary Visual Cortex. The primary visual 
cortex (Figure 13-3) lies in the calcarine fissure area 
and extends to the occipital pole on the medial aspect of 
each occipital cortex. This area is the terminus of the 
most direct visual signals from the eyes. Signals from 
the macular area of the retina terminate near the occip¬ 
ital pole, while signals from the more peripheral retina 
terminate in concentric circles anterior to the pole and 
along the calcarine fissure. The upper portion of the 
retina is represented superiorly and the lower portion 
inferiorly. Note in the figure the especially large area 
that represents the macula. It is to this region that the 
fovea transmits its signals. The fovea is responsible for 
the highest degree of visual acuity. Based on retinal 
area, the fovea has several hundred times as much 
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representation in the primary visual cortex as do the 
peripheral portions of the retina. 

The primary^ visual cortex is coextensive with Brod- 
mann cortical area 17 (see the diagram of the Brodmann 
areas in Figure 9-5 in Chapter 9). It is frequently also 
called visual area I or simply V-1. Still another name for 
the primary visual cortex is the striate cortex because 
this area has a grossly striated appearance. 

The Secondary Visual Areas. The secondary visual 
areas, also called visual association areas, lie anterior, 
superior, and inferior to the primar}^ visual cortex. Sec¬ 
ondary signals are transmitted to these areas for fur¬ 
ther analysis of visual meanings. For instance, on all 
sides of the primary visual cortex is Brodmann area 18 
(Figure 13-2), which is the association area where vir¬ 
tually all signals from the primary visual cortex pass 
next. Therefore, Brodmann area 18 is called visual area 
II or simply V-2. The other more distant secondary 
visual areas have specific designations V-3, V-4, and 
so forth. Various aspects of the visual image are pro¬ 
gressively dissected and analyzed in separate areas. 


THE LAYERED STRICTURE OF THE 
PMUHARY VISUAL CORTEX 

Like almost all other portions of the cerebral cortex, the 
primary visual cortex has six distinct layers, as illus¬ 
trated in Figure 13-4. As is true for the other sensory 
systems, the geniculocalcarine fibers terminate mainly 
in layer IV. But this layer, too, is organized in subdivi¬ 
sions. The rapidly conducted signals from the Y retinal 
ganglion cells terminate in layer IVca and from here 
are relayed vertically both outward toward the cortical 
surface and inward toward deeper levels. 

The visual signals from the medium-sized optic 
nerve fibers, derived from the X ganglion cells in the 
retina, also terminate in layer IV but at points different 
from the Y signals, in layers IVa and IVc^, the shal¬ 
lowest and deepest portions of layer IV. From here, 
these signals again are transmitted vertically both 
toward the surface of the cortex and to deeper layers. It 
is these X ganglion pathways that transmit the very 
accurate point-to-point type of vision and also color 
vision. 

The Vertical Neuronal Columns in the Visual 
Cortex. The visual cortex is organized structurally into 
several million vertical columns of neuronal cells, each 
column having a diameter of 30 to 50 pm. This same 
vertical columnar organization is found throughout 
the cerebral cortex. Each column represents a func¬ 
tional unit. One can calculate from rough data that the 
number of neurons in each of the visual vertical col¬ 
umns is around 1000. 

After the optic signals terminate in layer IV, they are 
further processed as they spread both outward and 
inward along each vertical column unit. This process¬ 
ing is believed to decipher separate bits of visual infor¬ 
mation at successive stations along the pathway. The 
signals that pass outward to layers I, II, and III eventu¬ 
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Figure 13 — 4. The six layers of the primary visual cortex. The 
connections to the left transmit very rapidly changing black and 
white \isual signals. The path\\'ays to the right transmit signals 
depicting very accurate detail and also color. Note especially small 
areas of the xisual cortex called color blobs" that are necessary 
for detection of color. 


ally transmit higher orders of signals for short dis¬ 
tances laterally in the cortex. On the other hand, the 
signals that pass inward to layers V and VI excite neu¬ 
rons that transmit signals much greater distances. 

The ''Color Blobs" in the Visual Cortex. Inter¬ 
spersed among the primar\^ visual columns are special 
column-like areas called color blobs. These receive lat¬ 
eral signals from the adjacent visual columns and re¬ 
spond specifically to color signals. Therefore, it is pre¬ 
sumed that these blobs are the primar\' areas for 
deciphering color. Also, in certain secondary^ visual 
areas additional color blobs are found, which presum¬ 
ably perform still higher levels of color deciphering. 

Interaction of Visual Signals From the Separate 
Eyes. Recall that the visual signals from the two sepa¬ 
rate eyes are relayed through separate neuronal layers 
in the lateral geniculate nucleus. And these signals still 
remain separated from each other when they arrive in 
layer IV of the primary visual cortex In fact, layer IV is 
interlaced with horizontal zebra-like stripes of neuro¬ 
nal columns, each stripe about 0.5 mm wide; the sig¬ 
nals from one eye enter the columns of ever\' other 
stripe, alternating with the signals from the other eye. 
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However, as the signals spread vertically into the more 
superficial or deeper layers of the cortex, this separa¬ 
tion is lost because of lateral spread of the visual sig¬ 
nals. In the meantime the cortex deciphers whether the 
respective areas of the two visual images are "'in regis¬ 
ter'' with each other, that is, whether corresponding 
points on the two retinas fit with each other. In turn, 
this deciphered information is used to control the 
movements of the eyes so that they will fuse with each 
other (brought into "register"). The information also 
allows a person to distinguish distances of objects by 
the mechanism of stereopsis. 


TWO MAJOR PATHWAYS FOR 
AiXALYSiS OF VISUAL IlYFORMATIOIY 
— THE FAST **POSiTW]Y^* AIVD 
^^MOTIOIY^^ PATHWAY} THE ACCURATE 
COLOR PATHWAY 

Figure 13-2 shows that after leaving the primary vi¬ 
sual cortex, the visual information is analyzed in two 
major pathways in the secondary visual areas. 

1. Analysis of Three-Dimensional Position, Gross 
Form, and Motion of Objects. One of the analytical 
pathways, illustrated in Figure 13-2 by the broad 
black arrows, analyzes the three-dimensional posi¬ 
tions of visual objects in the coordinates of space 
around the body. From this information, this pathway 
also analyzes the overall form of the visual scene as 
well as motion in the scene. In other words, this path¬ 
way tells "where" every object is at each instant and 
whether it is moving. After leaving the primary visual 
cortex (Brodmann area 17), the signals of this pathway 
next synapse in visual area 2 (Brodmann area 18), then 
flow generally into the posterior midtemporal area, 
and thence upward into the broad occipitoparietal cor¬ 
tex. At the anterior border of this last area, the signals 
overlap with signals from the posterior somatic associ¬ 
ation areas that analyze form and three-dimensional 
aspects of somatic sensory signals. The signals trans¬ 
mitted in this position-form-motion pathway are 
mainly from the large Y optic nerve fibers of the retinal 
Y ganglion cells, transmitting rapid signals but only 
black and white signals. 

2. Analysis of Visual Detail and Color. The red 
arrows in Figure 13-2, passing from the primary vi¬ 
sual cortex (Brodmann area 17) into visual area 2 
(Brodmann area 18) and thence into the inferior ven¬ 
tral and medial regions of the occipital and temporal 
cortex, illustrate the principal pathway for analysis of 
visual detail. Also, separate portions of this pathway 
specifically dissect out color as well. Therefore, this 
pathway is concerned with such visual feats as recog¬ 
nizing letters, reading, determining the texture of sur¬ 
faces, determining detailed colors of objects, and deci¬ 
phering from all this information "what" the object is 
and its meaning. 


■ IVEUROIVAL PATTER\S OF 
STIMELATIOIV DLfRLXG 
AIVALVSIS OF THE VISUAL 
IMAGE 

Analysis of Contrasts in the Visual Image. If a 
person looks at a blank wall, only a few neurons in the 
primary visual cortex will be stimulated whether the 
illumination of the wall is bright or weak. Therefore, 
the question must be asked. What does the visual cor¬ 
tex detect? To answer this, let us now place on the wall 
a large solid cross as illustrated to the left in Figure 
13-5. To the right is illustrated the spatial pattern of 
the greater majority of the excited neurons in the visual 
cortex. Note that the areas of maximum excitation occur 
along the sharp borders of the visual pattern. Thus, the 
visual signal in the primary visual cortex is concerned 
mainly with the contrasts in the visual scene, rather 
than with the flat areas. We saw in the previous chap¬ 
ter that this is true of most of the retinal ganglion cells 
as well, because equally stimulated adjacent retinal 
receptors mutually inhibit each other. But at any 
border in the visual scene where there is a change from 
dark to light or light to dark, mutual inhibition does not 
occur, and the intensity of stimulation is proportional 
to the gradient of contrast — that is, the greater the 
sharpness of contrast and the greater the intensity dif¬ 
ference between the light and dark areas, the greater 
the degree of stimulation. 

Detection of Orientation of Lines and Borders — 
The "Simple" Cells. Not only does the visual cortex 
detect the existence of lines and borders in the different 
areas of the retinal image, but it also detects the orien¬ 
tation of each line or border—that is, whether it is 
vertical or horizontal or lies at some degree of inclina¬ 
tion. This is believed to result from linear organizations 
of mutually inhibiting cells that excite second order 
neurons when mutual inhibition falls all along a line of 
cells, that is, where there is a contrast edge. Thus, for 
each such orientation of a line, a specific neuronal cell 
is stimulated. And a line oriented in a different direc¬ 
tion excites a different cell. These neuronal cells are 
called simple cells. They are found mainly in layer IV of 
the primary visual cortex. 



Retinal image Cortical stimulation 

Figure 13 — 5. Pattern of excitation occurring in the visual cortex 
in response to a retinal image of a dark cross. 
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Detection of Line Orientation When the Line Is 
Displaced Laterally or Vertically in the Visual 
Field — "Complex" Cells. As the signal progresses 
farther away from layer IV, some neurons now re¬ 
spond to lines still oriented in the same direction but 
not position-specific. That is, the line can be displaced 
moderate distances laterally or vertically in any direc¬ 
tion in the field, and still the neuron will be stimulated 
if the line has the same direction. These cells are called 
complex cells. 

Detection of Lines of Specific Lengths, Angles, or 
Other Shapes. Many neurons in the outer layers of the 
primary" visual columns, as well as neurons in some 
secondary visual areas, are stimulated only by lines or 
borders of specific lengths, or by specific angulated 
shapes, or by images having other characteristics. 
Thus, these neurons detect still higher orders of infor¬ 
mation from the visual scene; therefore, they are called 
hypercomplex cells. 

Thus, as one goes farther into the analytical path¬ 
way of the visual cortex, progressively more character¬ 
istics of each area of the visual scene are deciphered. 


DETECTIOX OF COLOR 

Color is detected in much the same way that lines are 
detected: by means of color contrast. The contrasts are 
between cones that lie immediately adjacent to each 
other or cones that lie far apart. For instance, a red area 
is often contrasted against a green area, or a blue area 
against a red, or a green area against a yellow. All of 
these colors can also be contrasted against a white area 
within the visual scene. In fact, it is this contrasting 
against white that is believed to be mainly responsible 
for the phenomenon called color constancy that was 
discussed in the previous chapter; that is, when the 
color of the illuminating light changes, the color of the 
"white" changes with the light, and appropriate com¬ 
putation in the brain allows red to be interpreted as red 
even though the illuminating light has actually 
changed the color spectrum entering the eyes. 

The mechanism of color contrast analysis depends 
on the fact that contrasting colors, called opponent 
colors, mutually excite certain of the neuronal cells. It is 
presumed that the initial details of color contrast are 
detected by simple cells, whereas more complex con¬ 
trasts are detected by complex and hypercomplex cells. 


SERIAL AXALYSIS OF THE VISUAL 
LUAGE VERSUS PARALLEL AXALVSIS 

From the foregoing discussion, it should by now be 
clear that the visual image is deciphered and analyzed 
by both serial and parallel pathways. The sequence 
from simple to complex to hypercomplex cells is serial 
analysis, with more and more details being deci¬ 
phered. The transmission of different types of vdsual 
information into different brain locations represents 


parallel processing. It is the combination of both types 
of these analyses that gives one full interpretation of a 
visual scene. However, the highest levels of analysis 
are still mainly beyond present physiological under¬ 
standing. 


EFFECT OF REHOVLXG THE PRIMARY 
VISUAL CORTEX 

Removal of the primary visual cortex in the human 
being causes loss of conscious vision. Howev'er, psy¬ 
chological studies demonstrate that such persons can 
still react subconsciously to changes in light intensity, 
to movement, and ev"en to some gross patterns of v"i- 
sion. These reactions include turning the eyes, turning 
the head, avoidance, and so on. This vision is believed 
to be subserved by neuronal pathways that pass from 
the optic tracts mainly into the superior colliculi and 
other portions of the older visual system. 


■ THE FIELDS OF VISION; PERIMETRY 

The field of vision is the area seen by an eye at a given instant. 
The area seen to the nasal side is called the nasal field of 
vision, and the area seen to the lateral side is called the tem¬ 
poral field of vision. 

To diagnose blindness in specific portions of the retinas, 
one charts the field of vision for each eye by a process known 
as perimetry. This is done by having the subject look with one 
eye toward a central spot directly in front of the eye. Then a 
small dot of light or a small object is moved back and forth in 
all areas of the field of v"ision, and the person indicates when 
the spot of light or object can be seen and when it cannot. 
Thus, the field of vision is plotted as illustrated in Figure 
13-6. 

In all perimetT)" charts, a blind spot caused by lack of rods 
and cones in the retina over the optic disc is found approxi- 



Figurc 13-6. A perimtMrN charl. sliowing the field of \ ision for 
ihe left e\ e 
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mately 15 degrees lateral to the central point of vision, as 
illustrated in the figure. 

Abnormalities in the Fields of Vision. Occasionally 
blind spots are found in portions of the field of vision other 
than the optic disc area. Such blind spots are called scoto¬ 
mata; they frequently result from allergic reactions in the 
retina or from toxic conditions, such as lead poisoning or 
excessive use of tobacco. 

Still another condition that can be diagnosed by perimetry 
is retinitis pigmentosa. In this disease, portions of the retina 
degenerate and excessive melanin pigment deposits in the 
degenerated areas. Retinitis pigmentosa generally causes 
blindness in the peripheral field of vision first and then grad¬ 
ually encroaches on the central areas. 

Effect of Lesions in the Optic Pathway on the Fields of 
Vision, Destruction of an entire optic nerve obviously causes 
blindness of the respective eye. Destruction of the optic 
chiasm, as shown by the longitudinal line across the chiasm 
in Figure 13-1, prevents the passage of impulses from the 
nasal halves of the two retinae to the opposite optic tracts. 
Therefore, the nasal halves are both blinded, which means 
that the person is blind in both temporal fields of vision 
because the image of the field of vision is inverted on the retina; 
this condition is called bitemporal hemianopsia. Such lesions 
frequently result from tumors of the adenohypophysis 
pressing upward on the optic chiasm. 

Interruption of an optic tract, which is shown by another 
line in Figure 13-1, denervates the corresponding half of 
each retina on the same side as the lesion, and, as a result, 
neither eye can see objects to the opposite side. This condi¬ 
tion is known as homonymous hemianopsia. Destruction of 
the optic radiation or the visual cortex of one side also causes 
homonymous hemianopsia. A common condition that de¬ 
stroys the visual cortex is thrombosis of the posterior cerebral 
artery, which infarcts the occipital cortex except for part of 
the foveal area, thus often sparing central vision. 

One can differentiate a lesion in the optic tract from a 
lesion in the geniculocalcarine tract or visual cortex by deter¬ 
mining whether impulses can still be transmitted into the 
pretectal nuclei to initiate a pupillary light reflex. 


■ EVE .MOV EME\T8 A.\D THEIR COXTROL 

To make use of the abilities of the eye, almost equally as 
important as the system for interpretation of the visual sig¬ 
nals from the eyes is the cerebral control system for directing 
the eyes toward the object to be viewed. 

Muscular Control of Eye Movements. The eye move¬ 
ments are controlled by three separate pairs of muscles, 
show'n in Figure 13-7: (1) the medial and lateral recti, (2) the 
superior and inferior recti, and (3) the superior and inferior 
obliques. The medial and lateral recti contract reciprocally 
mainly to move the eyes from side to side. The superior and 
inferior recti contract reciprocally to move the eyes mainly 
upward or downward. And the oblique muscles function 
mainly to rotate the eyeballs to keep the visual fields in the 
upright position. 

Neural Pathways for Control of Eye Movements. Figure 
13-7 also illustrates the nuclei of the third, fourth, and sixth 
cranial nerves and their innervation of the ocular muscles. 
Shown, too, are the interconnections among these three nu¬ 
clei through the medial longitudinal fasciculus. Either by way 
of this fasciculus or by way of other closely associated path¬ 
ways, each of the three sets of muscles to each eye is recipro¬ 
cally innervated so that one muscle of the pair relaxes while 
the other contracts. 



Figure 13 — 7. The extraocular muscles of the eye and their in¬ 
nervation. 


Figure 13-8 illustrates cortical control of the oculomotor 
apparatus, showing spread of signals from the occipital vi¬ 
sual areas through occipitotectal and occipitocollicular tracts 
into the pretectal and superior colliculus areas of the brain 
stem. In addition, a frontotectal tract passes from the frontal 
cortex into the pretectal area. From both the pretectal and the 
superior colliculus areas, the oculomotor control signals then 
pass to the nuclei of the oculomotor nerves. Strong signals 
are also transmitted into the oculomotor system from the 
vestibular nuclei by way of the medial longitudinal fascic¬ 
ulus. 


FIXATiOiX MOVEMEiXTS OF THE EYES 

Perhaps the most important movements of the eyes are those 
that cause the eyes to ''fix'' on a discrete portion of the field 
of vision. 

Fixation movements are controlled by two different neu¬ 
ronal mechanisms. The first of these allows the person to 
move his eyes voluntarily to find the object upon which he 
wishes to fix his vfision; this is called the voluntary fixation 
mechanism. The second is an involuntary mechanism that 
holds the eyes firmly on the object once it has been found; 
this is called the involuntary fixation mechanism. 

The voluntary fixation movements are controlled by a 
small cortical field located bilaterally in the premotor cortical 
regions of the frontal lobes, as illustrated in Figure 13-8. 
Bilateral dysfunction or destruction of these areas makes it 
difficult or almost impossible for the person to "unlock" the 
eyes from one point of fixation and then move them to an¬ 
other point. It is usually necessary for the person to blink the 
eyes or put a hand over the eyes for a short time, which then 
allows the eyes to be moved. 

On the other hand, the fixation mechanism that causes the 
eyes to "lock" on the object of attention once it is found is 
controlled by secondary visual areas of the occipital cortex — 
mainly Brodmann area 19 located anterior to visual areas V-1 
and V-2 (Brodmann areas 17 and 18). When this area is 
destroyed bilaterally, an animal has difficulty keeping its 
eyes directed toward a given fixation point or becomes com¬ 
pletely unable to do so. 

To summarize, the posterior eye fields automatically 
"lock" the eyes on a given spot of the visual field and thereby 
prevent movement of the image across the retina. To unlock 
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Figure 13-8. Neural pathways for control of conjugate move¬ 
ment of the eves. 



__Visual 
“’association 
areas 

^Primary 
visual cortex 

Occipitotectal and 
Occipitocollicular tract 
Pretectal nuclei 
Visceral nucleus III nerve 
Superior colliculus 

- Oculomotor nucleus 

- - Trochlear nucleus 

-Abducens nucleus 

,-Vestibular nuclei 


Medial longitudinal-" 
fasciculus 


this visual fixation, voluntary impulses must be transmitted 
from the 'Voluntary" eye fields located in the frontal areas. 

Mechanism of the Involuntary Locking Fixation — Role 
of the Superior Colliculi. The involuntary locking type of 
fixation discussed in the previous section results from a neg¬ 
ative feedback mechanism that prevents the object of atten¬ 
tion from leaving the foveal portion of the retina. The eyes 
even normally have three types of continuous but almost 
imperceptible movements: (1) a cotUitmous tremor at a rate of 
30 to 80 cycles/sec caused by successive contractions of the 
motor units in the ocular muscles, (2) a slow drift of the 
eyeballs in one direction or another, and (3) sudden flicking 
movements that are controlled by the involuntary fixation 
mechanism. When a spot of light has become fixed on the 
foveal region of the retina, the tremorous movements cause 
the spot to move back and forth at a rapid rate across the 
cones, and the drifting movements cause it to drift slowly 
across the cones. However, each time the spot of light drifts 
as far as the edge of the fovea, a sudden reflex reaction 
occurs, producing a flicking movement that moves the spot 
away from this edge back toward the center. Thus, an auto¬ 
matic response moves the image back toward the central 
portion of the fovea. These drifting and flicking motions are 
illustrated in Figure 13-9, which shows by the dashed lines 
the slow drifting across the retina and by the solid lines the 
flicks that keep the image from leaving the foveal region. 

This involuntary fixation capability is mostly lost when 
the superior colliculi are destroyed. After the signals for fixa¬ 
tion originate in the visual fixation areas of the occipital cor¬ 
tex, they pass to the superior colliculi, probably from there to 
reticular areas around the oculomotor nuclei, and thence into 
the motor nuclei themselves. 

Saccadic Movement of the Eyes—a Mechanism of Suc¬ 
cessive Fixation Points. When the visual scene is moving 


continually before the eyes, such as when a person is riding 
in a car or turning around, the eyes fix on one highlight after 
another in the visual field, jumping from one to the next at a 
rate of two to three jumps per second. The jumps are called 
saccades, and the movements are called opticokinetic move¬ 
ments. The saccades occur so rapidly that not more than 10 
per cent of the total time is spent in moving the eyes, 90 per 
cent of the time being allocated to the fixation sites. Also, the 
brain suppresses the visual image during the saccades so that 
one is completely unconscious of the movements from point 
to point. 



Figure 13 — 9. Mcnemenisofaspoloflighlon ihe fo\ea,showing 
sudden ' tlicking’ inovemenls to nun e the spot hack tow ard the 
center of the fo\ea whenever it drifts to the fo\eal edge. (The 
dashed lines represent slow drifting mo\finents, and the solid 
lines represent sudden flicking movements.) (Modifieil from 
W'hitteridge. Handbook of Phvsiologv'. \'ol. 2, Sec. 1. Baltimore, 
W illiams &. W ilkins, lOBO.) 
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Saccadic Movements During Reading. During the process 
of reading, a person usually makes several saccadic move¬ 
ments of the eyes for each line. In this case the visual scene is 
not moving past the eyes, but the eyes are trained to scan 
across the visual scene to extract the important information. 
Similar saccades occur when a person observes a painting, 
except that the saccades occur in one direction after another 
from one highlight of the painting to another, then another, 
and so forth. 

Fixation on Moving Objects—''Pursuit Movements." 
The eyes can also remain fixed on a moving object, which is 
called pursuit movement. A highly developed cortical mecha¬ 
nism automatically detects the course of movement of an 
object and then gradually develops a similar course of move¬ 
ment of the eyes. For instance, if an object is moving up and 
down in a wavelike form at a rate of several times per second, 
the eyes at first may be completely unable to fixate on it. 
However, after a second or so the eyes begin to jump 
coarsely in approximately the same pattern of movement as 
that of the object. Then after a few more seconds, the eyes 
develop progressively smoother and smoother movements 
and finally follow the course of movement almost exactly. 
This represents a high degree of automatic, subconscious 
computational ability by the cerebral cortex. 

The Superior Colliculi Are Mainly Responsible for 
Turning the Eyes and Head Toward a Visual Disturbance. 
Even after the visual cortex has been destroyed, a sudden 
visual disturbance in a lateral area of the visual field will 
cause immediate turning of the eyes in that direction. This 
will not occur if the superior colliculi have also been de¬ 
stroyed. To support this function, the various points of the 
retina are represented topologically in the superior colliculi 
in the same way as in the primary visual cortex, though with 
less accuracy. Even so, the principal direction of a flash of 
light in a peripheral retinal field is mapped by the colliculi, 
and secondary signals are then transmitted to the oculomo¬ 
tor nuclei to turn the eyes. 

The optic nerve fibers from the eyes to the colliculi that are 
responsible for these rapid turning movements are branches 
from the rapidly conducting Y fibers, with one branch going 
to the visual cortex and the other going to the superior colli¬ 
culi. (The superior colliculi and other regions of the brain 
stem are also strongly supplied with visual signals transmit¬ 
ted in type W optic nerve fibers. These represent the older 
visual pathway, but their function is unclear.) 

In addition to causing the eyes to turn toward the visual 
disturbance, signals are also relayed from the superior colli¬ 
culi through the medial longitudinal fasciculus to other levels 
of the brain stem to cause turning of the whole head and 
even of the whole body toward the direction of the distur¬ 
bance. Also, other types of disturbances besides visual, such 
as strong sounds or even stroking of the side of the body, will 
cause similar turning of the eyes, head, and body, but only if 
the superior colliculi are intact. Therefore, the superior colli¬ 
culi play a global role in orienting the eyes, the head, and the 
body with respect to external disturbances whether visual, 
auditory, or somatic. 


FCSWiV OF THE liSlIAL iHAGES FROH 
THE TWO EVES 

To make the visual perceptions more meaningful, the visual 
images in the two eyes normally fuse with each other on 
"corresponding points" of the two retinas. 

The visual cortex plays a very important role in fusion. It 
was pointed out earlier in the chapter that corresponding 


points of the two retinas transmit visual signals to different 
neuronal layers of the lateral geniculate body, and these 
signals in turn are relayed to parallel stripes of neurons in the 
visual cortex. Interactions occur between the stripes of corti¬ 
cal neurons; these cause interference patterns of excitation in 
some of the local neuronal cells when the two visual images 
are not precisely "in register" — that is, not precisely fused. 
This excitation presumably provides the signal that is trans¬ 
mitted to the oculomotor apparatus to cause convergence or 
divergence or rotation of the eyes so that fusion can be rees¬ 
tablished. Once the corresponding points of the retinas are 
precisely in register with each other, the excitation of the 
specific cells in the visual cortex is greatly diminished or 
disappears. 

The i\eural Mechanism of Slereopsis for 
Judging Distances of Visual Objects 

In Chapter 11 it was pointed out that because the two eyes 
are more than 2 in. apart the images on the two retinas are 
not exactly the same. That is, the right eye sees a little more of 
the right-hand side of the object and the left eye a little more 
of the left-hand side, and the closer the object the greater the 
disparity. Therefore, even when the two eyes are fused with 
each other, it is still impossible for all corresponding points in 
the two visual images to be absolutely in register at the same 
time. Furthermore, the nearer the object is to the eyes, the 
less the degree of register. This degree of non-register pro¬ 
vides the mechanism for stereopsis, a very important mecha¬ 
nism for judging distances of visual objects up to distances of 
about 100 m. 

The neuronal cellular mechanism for stereopsis is based 
on the fact that some of the fiber pathways from the retinas 
to the visual cortex stray 1 to 2 degrees on either side of the 
central pathway. Therefore, some optic pathways from the 
two eyes will be exactly in register for objects 2 m away; and 
still another set of pathways will be in register for objects 
75 m away. Thus, the distance is determined by which set of 
pathways interact with each other. This phenomenon is 
called depth perception, which is another name for stereopsis. 

Strabismus 

Strabismus, which is also called squint or cross-eyedness, 
means lack of fusion of the eyes in one or more of the coordi¬ 
nates described above. Three basic types of strabismus are 
illustrated in Figure 13-10: horizontal strabismus, vertical 
strabismus, and torsional strabismus. However, combinations 
of two or even of all three of the different types of strabismus 
often occur. 

Strabismus is often caused by an abnormal "set" of the 
fusion mechanism of the visual system. That is, in the early 
efforts of the child to fixate the two eyes on the same object, 
one of the eyes fixates satisfactorily while the other fails to 
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Figure 13-10. The three basic types of strabismus. 
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fixate, or they both fixate satisfactorily but never simulta¬ 
neously. Soon, the patterns of conjugate movements of the 
eyes become abnormally ""set'' so that the eyes never fuse. 

Frequently, some abnormality of the eyes contributes to 
the failure of the two eyes to fixate on the same point. For 
instance, in hyperopic infants, intense impulses must be 
transmitted to the ciliary muscles to focus the eyes, and some 
of these impulses overflow into the oculomotor nuclei to 
cause simultaneous convergence of the eyes, as will be dis¬ 
cussed later. As a result, the child's fusion mechanism be¬ 
comes "set" for continual inward deviation of the eyes. 

Suppression of the Visual Image From a Repressed Eye. 
In a few patients with strabismus the eyes alternate in fixing 
on the object of attention. However, in other patients, one 
eye alone is used all the time while the other eye becomes 
repressed and is never used for vision. The vision in the 
repressed eye develops only slightly, usually remaining 
20/400 or less. If the dominant eye then becomes blinded, 
vision in the repressed eye can develop only to a slight extent 
in the adult but far more in young children. This illustrates 
that visual acuity is highly dependent on proper develop¬ 
ment of the central synaptic connections from the eyes. In 
fact, even the numbers of neuronal connections diminish in 
the cortical stripes that receive signals from the repressed 
eye. 


■ AUTO\OMIC CONTROL OF 

ACCOMMODATIOIV AIVD PUPILLARY 
APERTURE 

The Autonomic Nerves to the Eyes. The eye is inner¬ 
vated by both parasympathetic and sympathetic fibers, as 
illustrated in Figure 13-11. The parasympathetic pregangli¬ 
onic fibers arise in the Edinger-Westphal nucleus (the visceral 
nucleus of the third nerve) and then pass in the third nerve to 



of spinal cord 

Figure 13-11. Autonomic innervation of the eye, showing also 
the reflex arc of the light reflex. (Modified from Ranson and Clark: 
Anatomy of the Nervous System, l^hiladelphia, \V^ H. Saunders 
Company, 1959.) 


the ciliary ganglion, which lies immediately behind the eye. 
Here the preganglionic fibers synapse with postganglionic 
parasympathetic neurons that, in turn, send fibers through 
the ciliary nerves into the eyeball. These nerves excite the 
ciliary muscle and the sphincter of the iris. 

The sympathetic innerv^ation of the eye originates in the 
intermediolateral horn cells of the first thoracic segment of the 
spinal cord. From here, sympathetic fibers enter the sympa¬ 
thetic chain and pass upward to the superior cervical ganglion, 
where they synapse with postganglionic neurons. Fibers 
from these spread along the carotid artery and successively 
smaller arteries until they reach the eye. There the sympa¬ 
thetic fibers innervate the radial fibers of the iris as well as 
several extraocular structures around the eye, which are dis¬ 
cussed shortly in relation to Homer's syndrome. Also, they 
supply very weak innervation to the ciliary muscle. 

COXTROL OF ACCOmiODATlOX 
(FOCIJSIXG THE EYES) 

The accommodation mechanism—that is, the mechanism 
that focuses the lens system of the eye—is essential for a 
high degree of visual acuity. Accommodation results from 
contraction or relaxation of the ciliary muscle, contraction 
causing increased strength of the lens system, as explained in 
Chapter 11, and relaxation causing decreased strength. The 
question that must be answered now is. How does a person 
adjust accommodation to keep the eyes in focus all the time? 

Accommodation of the lens is regulated by a negative 
feedback mechanism that automatically adjusts the focal 
power of the lens for the highest degree of visual acuity. 
When the eyes have been fixed on some far object and then 
suddenly fix on a near object, the lens accommodates for 
maximum acuity of vision usually within less than 1 sec. 
Though the precise control mechanism that causes this rapid 
and accurate focusing of the eye is still unclear, some of the 
known features are the following: 

First, when the eyes suddenly change the distance of the 
fixation point, the lens always changes its strength in the 
proper direction to achieve a new state of focus. In other 
words, the lens does not make a mistake and change its 
strength in the wrong direction in an attempt to find the 
focus. 

Second, different types of clues that can help the lens 
change its strength in the proper direction include the fol¬ 
lowing: (1) Chromatic aberration appears to be important. 
That is, the red light rays focus slightly posteriorly to the blue 
light rays. The eyes appear to be able to detect which of these 
two types of rays is in better focus, and this clue relays infor¬ 
mation to the accommodation mechanism whether to make 
the lens stronger or weaker. (2) When the eyes fixate on a 
near object they also converge toward each other. The neural 
mechanisms for convergence cause a simultaneous signal to 
strengthen the lens of the eye. (3) Because the fovea lies in a 
hollowed-out depression that is deeper than the remainder of the 
retina, the clarity of focus in the depth of the fovea versus the 
clarity of focus on the edges will be different. It has been sug¬ 
gested that this also gives clues as to which way the strength 
of the lens needs to be changed. (4) It has been found that the 
degree of accommodation of the lens oscillates slightly all of the 
time, at a frequency up to two times per second It has been 
suggested that the visual image becomes clearer when the 
oscillation of the lens strength is changing in the appropriate 
direction and poorer when the lens strength is changing in 
the wrong direction. This could give a rapid cue as to which 
way the strength of the lens needs to change to provide 
appropriate focus. 
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It is presumed that the cortical areas that control accom¬ 
modation closely parallel those that control fixation move¬ 
ments of the eyes, with final integration of the visual signals 
in Brodmann areas 18 and 19 and transmission of motor 
signals to the ciliary muscle through the pretectal area and 
Edinger-VVestphal nucleus. 


COXTROL OF THE PVPILLART DIAHETER 

Stimulation of the parasympathetic nerves excites the pupil¬ 
lary sphincter muscle, thereby decreasing the pupillary aper¬ 
ture; this is called miosis. On the other hand, stimulation of 
the sympathetic nerves excites the radial fibers of the iris and 
causes pupillary dilatation, which is called mydriasis. 

The Pupillary Light Reflex. When light is shone into the 
eyes, the pupils constrict, a reaction called the pupillary light 
reflex. The neuronal pathway for this reflex is illustrated in 
Figure 13-11. When light impinges on the retina, the result¬ 
ing impulses pass through the optic nerves and optic tracts to 
the pretectal nuclei. From here, impulses pass to the Edinger- 
Westphal nucleus and finally back through the parasympa¬ 
thetic nerves to constrict the sphincter of the iris. In darkness, 
the reflex becomes inhibited, which results in dilatation of 
the pupil. 

The function of the light reflex is to help the eye adapt 
extremely rapidly to changing light conditions, as explained 
in the previous chapter. The limits of pupillary diameter are 
about 1.5 mm on the small side and 8 mm on the large side. 
Therefore, the range of light adaptation that can be effected 
by the pupillary reflex is about 30 to 1. 

Pupillary Reflexes in Central Nervous System Disease. 
Certain central nervous system diseases block the transmis¬ 
sion of visual signals from the retinas to the Edinger-West- 
phal nucleus. Such blocks frequently occur as a result of 
central nervous system syphilis, alcoholism, encephalitis, and 
so forth. The block usually occurs in the pretectal region of 
the brain stem, though it can also result from destruction of 
the small afferent fibers in the optic nerves. 

The final nerve fibers in the pathway through the pretectal 
area to the Edinger-Westphal nucleus are of the inhibitory 
type. Therefore, when their inhibitory effect is lost, the nu¬ 
cleus becomes chronically active, causing the pupils thereaf¬ 
ter to remain partially constricted in addition to their failure 
to respond to light. 

Yet the pupils can still constrict some more if the Edinger- 
Westphal nucleus is stimulated through some other path¬ 
way. For instance, when the eyes fixate on a near object, the 
signals that cause accommodation of the lens and also those 
that cause convergence of the two eyes cause a mild degree 
of pupillary constriction at the same time. This is called the 
accommodation reflex. Such a pupil that fails to respond to 
light but does respond to accommodation and also is very 
small (an Argyll Robertson pupil) is an important diagnostic 
sign of central nervous system disease—very often syphilis. 

Horner's Syndrome. The sympathetic nerves to the eye 
are occasionally interrupted, and this interruption frequently 
occurs in the cervical sympathetic chain. This results in 
Homer's syndrome, which consists of the following effects: 
First, because of interruption of fibers to the pupillary dilator 
muscle, the pupil remains persistently constricted to a 
smaller diameter than that of the pupil of the opposite eye. 
Second, the superior eyelid droops because tlris eyelid is 
normally maintained in an open position during the waking 
hours partly by contraction of a smooth muscle embedded in 
the lid and innervated by the sympathetics. Therefore, de¬ 
struction of the sympathetics makes it impossible to open the 


superior eyelid nearly as widely as normally. Third, the 
blood vessels on the corresponding side of the face and head 
become persistently dilated. And fourth, sweating cannot 
occur on the side of the face and head affected by Homer's 
syndrome. 
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The Sense of Hearing 


The purpose of this chapter is to describe and explain 
the mechanism by which the ear receives sound 
waves, discriminates their frequencies, and finally 
transmits auditory information into the central ner¬ 
vous system where its meaning is deciphered. 


■ THE TVMPAIVIC MEMBRAIVE 
AIVD THE OSSICULAR 
SYSTEM 

COiXDVCTIOy OF SOViVD FROU THE 
TY'MPAAIC ME3tBRAi\E TO THE 
COCHLEA 

Figure 14-1 illustrates the tympanic membrane (com¬ 
monly called the eardrum) and the ossicular system, 
which conducts sound through the middle ear. The 
tympanic membrane is cone-shaped, with its concav¬ 
ity facing downward and outward toward the auditory 
canal. Attached to the very center of the tympanic 
membrane is the handle of the malleus. At its other end 
the malleus is tightly bound to the incus by ligaments 
so that whenever the malleus moves the incus moves 
with it. The opposite end of the incus in turn articulates 
with the stem of the stapes, and the faceplate of the 
stapes lies against the membranous labyrinth in the 
opening of the oval window where sound waves are 
conducted into the inner ear, the cochlea. 

The ossicles of the middle ear are suspended by liga¬ 
ments in such a way that the combined malleus and 
incus act as a single lever having its fulcrum approxi¬ 
mately at the border of the tympanic membrane. The 
large head of the malleus, which is on the opposite side 
of the fulcrum from the handle, almost exactly bal¬ 
ances the other end of the lever. 

The articulation of the incus with the stapes causes 
the stapes to push forward on the cochlear fluid every 
time the handle of the malleus moves inward and to 
pull backward on the fluid every time the malleus 
moves outward, which promotes inward and outward 
motion of the faceplate at the oval window. 


The handle of the malleus is constantly pulled in¬ 
ward by the tensor tympani muscle, which keeps the 
tympanic membrane tensed. This allows sound vibra¬ 
tions on any portion of the tympanic membrane to be 
transmitted to the malleus, which would not be true if 
the membrane were lax. 

Impedance Matching by the Ossicular System. 
The amplitude of movement of the stapes faceplate 
with each sound vibration is only three fourths as 
much as the amplitude of the handle of the malleus. 
Therefore, the ossicular lever system does not amplify 
the movement distance of the stapes, as is commonly 
believed. Instead, the system actually reduces the am¬ 
plitude but increases the force of movement about 1.3 
times. However, the surface area of the tympanic 
membrane is approximately 55 mm^ whereas the sur¬ 
face area of the stapes averages 3.2 mm^. This 17-fold 
difference times the 1.3-fold ratio of the lever system 
allows energy of a sound wave impinging on the tym¬ 
panic membrane to be applied to the small faceplate of 
the stapes, causing approximately 22 times as much 
pressure on the fluid of the cochlea as is exerted by the 
sound wave against the tympanic membrane. Because 
fluid has far greater inertia than air, it is easily under¬ 
stood that increased amounts of pressure are needed to 
cause vibration in the fluid. Therefore, the tympanic 
membrane and ossicular system provide impedance 
matching between the sound waves in air and the 
sound vibrations in the fluid of the cochlea. Indeed, 
the impedance matching is about 50 to 75 per cent of 
perfect for sound frequencies between 300 and 3000 
cycles/sec, which allows utilization of most of the en¬ 
ergy in the incoming sound waves. 

In the absence of the ossicular system and tym¬ 
panum, sound waves can travel directly through the 
air of the middle ear and can enter the cochlea at the 
oval window. However, the sensitivity for hearing is 
then 15 to 20 db less than for ossicular transmission — 
equivalent to a decrease from a medium voice to a 
barely perceptible voice level. 

Attenuation of Sound by Contraction of the Sta¬ 
pedius and Tensor Tympani Muscles. When loud 
sounds are transmitted through the ossicular system 
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Figure 14 — 1. The tympanic membrane, the ossicular system of 
the middle ear, and the inner ear. 


into the central nervous system, a reflex occurs after a 
latent period of 40 to 80 msec to cause contraction of 
the stapedius and tensor tympani muscles. The tensor 
tympani muscle pulls the handle of the malleus inward 
while the stapedius muscle pulls the stapes outward. 
These two forces oppose each other and thereby cause 
the entire ossicular system to develop a high degree of 
rigidity, thus greatly reducing the ossicular conduction 
of low frequency sound, mainly frequencies below 
1000 cycles/sec. 

This attenuation reflex can reduce the intensity of 
sound transmission by as much as 30 to 40 db, which is 
about the same difference as that between a loud voice 
and the sound of a whisper. The function of this mech¬ 
anism is probably twofold: 

1. To protect the cochlea from damaging vibrations 
caused by excessively loud sound. 

2. To mask low frequency sounds in loud environ¬ 
ments. This usually removes a major share of the 
background noise and allows a person to concentrate 
on sounds above 1000 cycles/sec, where most of the 
pertinent information in voice communication is trans¬ 
mitted. 

Another function of the tensor tympani and stape¬ 
dius muscles is to decrease a person's hearing sensitiv¬ 
ity to his or her own speech. This effect is activated by 
collateral signals transmitted to these muscles at the 
same time that the brain activates the voice mecha¬ 
nism. 


TRAi\S3MtSSIO\ OF SOViXD THROVGH 
BOSE 

Because the inner ear, the cochlea, is embedded in a 
bony cavity in the temporal bone called the bony laby¬ 
rinth, vibrations of the entire skull can cause fluid vi¬ 
brations in the cochlea itself. Therefore, under appro¬ 
priate conditions, a tuning fork or an electronic 
vibrator placed on any bony protuberance of the skull, 
but especially on the mastoid process, causes the per¬ 
son to hear the sound. Unfortunately, the energy avail¬ 
able even in very loud sound in the air is not sufficient 
to cause hearing through the bone except when a spe¬ 
cial electromechanical sound-transmitting device is 
applied directly to the bone. 


■ THE COCHLEA 

FViXCTiOXAL ^IXATORV OF THE 
COCHLEA 

The cochlea is a system of coiled tubes, shown in Fig¬ 
ure 14-1 and in cross-section in Figures 14-2 and 
14-3. It consists of three different tubes coiled side by 
side: the scala vestibuli, the scala media, and the scala 
tympani. The scala vestibuli and scala media are sepa¬ 
rated from each other by Reissner's membrane (also 
called the vestibular membrane), shown in Figure 14-3; 
and the scala tympani and scala media are separated 
from each other by the basilar membrane. On the sur¬ 
face of the basilar membrane lies a structure, the organ 
ofCorti, which contains a series of electromechanically 
sensitive cells, the hair cells. These are the receptive 
end-organs that generate nerve impulses in response 
to sound vibrations. 

Figure 14-4 diagrams the functional parts of the 
uncoiled cochlea for conduction of sound vibrations. 
First, note that Reissner's membrane is missing from 
this figure. This membrane is so thin and so easily 
moved that it does not obstruct the passage of sound 
vibrations from the scala vestibuli into the scala media 
at all. Therefore, so far as the conduction of sound is 
concerned, the scala vestibuli and scala media are con¬ 
sidered to be a single chamber. The importance of 
Reissner's membrane is to maintain a special fluid in 
the scala media that is required for normal function of 
the sound-receptive hair cells, as discussed later in the 
chapter. 

Sound vibrations enter the scala vestibuli from the 
faceplate of the stapes at the oval window. The face¬ 
plate covers this window and is connected with the 
window's edges by a relatively loose annular ligament 
so that it can move inward and outward with the 
sound vibrations. Inward movement causes the fluid 
to move into the scala vestibuli and scala media, and 
outward movement causes the fluid to move back¬ 
ward. 


Basilar Spiral organ 



Figure 14 — 2. The cochlea. {From Goss, [ed.]: Gray’s Anatomy of 
the Human Body. 35th Ed. Philadelphia, Lea & Febiger, 1948.) 
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membrane 

Figure 14 — 3. A section through one of the turns of the cochlea. (Drawn by Sylv'ia Colard Keene. From 
Fawcett: A Textbook of Histology, 11th Ed. Philadelphia, VV. B. Saunders Company, 1986.) 


The Basilar Membrane and Resonance in the 
Cochlea. The basilar membrane is a fibrous membrane 
that separates the scala media and the scala tympani. It 
contains 20,000 to 30,000 basilar fibers that project 
from the bony center of the cochlea, the modiolus, 
toward the outer wall. These fibers are stiff, elastic, 
reedlike structures that are fixed at their basal ends in 
the central bony structure of the cochlea (the mo¬ 
diolus) but not fixed at their distal ends, except that the 
distal ends are embedded in the loose basilar mem¬ 
brane. Because the fibers are stiff and also free at one 
end, they can vibrate like reeds of a harmonica. 

The lengths of the basilar fibers increase progres¬ 
sively as one goes from the base of the cochlea to its 
apex, from a length of approximately 0.04 mm near 
the oval and round windows to 0.5 mm at the tip of the 
cochlea, a 12-fold increase in length. 


Oval window Scala vestibuli and 



Figure 14 — 4. Movement of fluid in the cochlea following for¬ 
ward thrust of the stapes. 


The diameters of the fibers, on the other hand, de¬ 
crease from the base to the helicotrema, so that their 
overall stiffness decreases more than 100-fold. As a 
result, the stiff, short fibers near the oval window of 
the cochlea will vibrate at a high frequency, whereas 
the long, limber fibers near the tip of the cochlea will 
vibrate at a low frequency. 

Thus, high frequency resonance of the basilar mem¬ 
brane occurs near the base, where the sound waves 
enter the cochlea through the oval window; and low 
frequency resonance occurs near the apex mainly be¬ 
cause of difference in stiffness of the fibers but also 
because of increased 'loading" of the basilar mem¬ 
brane with extra amounts of fluid that must vibrate 
with the membrane at the apex. 


TRAiXSmSSiOX OF SOFiXD WAVES ii\ 

THE COCHLEA — THE **TRAVELi\G 
WAVE^^ 

If the foot of the stapes moves inward instantaneously, 
the round window must also bulge outward instanta¬ 
neously because the cochlea is bounded on all sides by 
bony walls. Therefore, the initial effect is to cause the 
basilar membrane at the very base of the cochlea to 
bulge in the direction of the round window. However, 
the elastic tension that is built up in the basilar fibers as 
they bend toward the round window initiates a wave 
that "travels" along the basilar membrane toward the 
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helicotrema, as illustrated in Figure 14-5. Figure 
14-5A shows movement of a high frequency wave 
down the basilar membrane; Figure 14-5B, a medium 
frequency wave; and Figure 14-5C, a very low fre¬ 
quency wave. Movement of the wave along the basilar 
membrane is comparable to the movement of a pres¬ 
sure wave along the arterial walls, or it is also compara¬ 
ble to the wave that travels along the surface of a pond. 

Pattern of Vibration of the Basilar Membrane for 
Different Sound Frequencies. Note in Figure 14-5 
the different patterns of transmission for sound waves 
of different frequencies. Each wave is relatively weak 
at the outset but becomes strong when it reaches that 
portion of the basilar membrane that has a natural 
resonant frequency equal to the respective sound fre¬ 
quency. At this point the basilar membrane can vibrate 
back and forth with such great ease that the energy in 
the wave is completely dissipated. Consequently, the 
wave dies out at this point and fails to travel the re¬ 
maining distance along the basilar membrane. Thus, a 
high frequency sound wave travels only a short dis¬ 
tance along the basilar membrane before it reaches its 
resonant point and dies out; a medium frequency 
sound wave travels about halfw^ay and then dies out; 
and finally, a ver\^ low frequency sound wave travels 
the entire distance along the membrane. 

Another feature of the traveling wave is that it 
travels fast along the initial portion of the basilar 
membrane but progressively more slowly as it goes 
farther and farther into the cochlea. The cause of this is 
the high coefficient of elasticity of the basilar fibers 
near the stapes and a progressively decreasing coeffi¬ 
cient farther along the membrane. This rapid initial 
transmission of the wave allows the high frequency 
sounds to travel far enough into the cochlea to spread 
out and separate from each other on the basilar mem¬ 
brane. Without this, all the high frequency waves 



Medium frequency 



Low frequency 

Figtire 14 — 5. "Traveling waves” along the basilar membrane 
for high, medium, and low frequency sounds. 
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Figure 14 — 6. A, Amplitude pattern of vibration of the basilar 
membrane for a medium frequency sound. B, Amplitude patterns 
for sounds of all frequencies between 200 and 8000 per second, 
showing the points of maximum amplitude (the resonance points) 
on the basilar membrane for the different frequencies. 


would be bunched together within the first millimeter 
or so of the basilar membrane, and their frequencies 
could not be discriminated one from the other. 

Amplitude Pattern of Vibration of the Basilar 
Membrane, The dashed curves of Figure 14-6A show 
the position of a sound wave on the basilar membrane 
when the stapes {a) is all the way inward, (^) has 
moved back to the neutral point, (c) is all the way 
outward, and {d) has moved back again to the neutral 
point but is moving inward. The shaded area around 
these different waves shows the extent of vibration of 
the basilar membrane during a complete vibratory 
cycle. This is the amplitude pattern of vibration of the 
basilar membrane for this particular sound frequency. 

Figure 14-6B shows the amplitude patterns of vi¬ 
bration for different frequencies, showing that the 
maximum amplitude for 8000 cycles occurs near the 
base of the cochlea, whereas that for frequencies less 
than 200 cycles/sec is all the way at the tip of the 
basilar membrane near the helicotrema where the 
scala vestibuli opens into the scala tympani. 

The principal method by which sound frequencies, 
especially those above 200 cycles/sec, are discrimi¬ 
nated from one another is based on the '"place"' of 
maximum stimulation of the nerve fibers from the 
organ of Corti lying on the basilar membrane, as is 
explained in the following section. 

FUiXCTIOX OF THE ORGAy OF CORTI 

The organ of Corti, illustrated in Figures 14-2, 14-3, 
and 14-7, is the receptor organ that generates nerve 
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Cochlear nerve 

Fi^re 14-7. The organ of Corti, showing especially the hair 
cells and the tectorial membrane against the projecting hairs. 


impulses in response to vibration of the basilar mem¬ 
brane. Note that the organ of Corti lies on the surface 
of the basilar fibers and basilar membrane. The actual 
sensory receptors in the organ of Corti are two types of 
hair cells, a single row of internal hair cells, numbering 
about 3500 and measuring about 12 jam in diameter, 
and three to four rows of external hair cells, numbering 
about 15,000 and having diameters of only about 
8 /zm. The bases and sides of the hair cells synapse 
with a network of cochlear nerve endings. These lead 
to the spiral ganglion of Corti, which lies in the modiolus 
(the center) of the cochlea. The spiral ganglion in turn 
sends axons into the cochlear nerve and thence into the 
central nervous system at the level of the upper me¬ 
dulla. The relationship of the organ of Corti to the 
spiral ganglion and to the cochlear nerve is illustrated 
in Figure 14-2. 

Excitation of the Hair Cells. Note in Figure 14-7 
that minute hairs, or stereocilia, project upward from 
the hair cells and either touch or are embedded in the 
surface gel coating of the tectorial membrane, which lies 
above the stereocilia in the scala media. These hair cells 
are similar to the hair cells found in the macula and 
cristae ampullaris of the vestibular apparatus, which 
are discussed in Chapter 17. Bending of the hairs in 
one direction depolarizes the hair cells, and bending 
them in the opposite direction hyperpolarizes them. 
This in turn excites the nerve fibers synapsing with 
their bases. 

Figure 14-8 illustrates the mechanism by which vi¬ 
bration of the basilar membrane excites the hair end¬ 
ings. The upper ends of the hair cells are fixed tightly in 
a rigid structure composed of a flat plate, called the 
reticular lamina, supported by triangular rods of Corti, 
which in turn are attached tightly to the basilar fibers. 
Therefore, the basilar fiber, the rods of Corti, and the 
reticular lamina all move as a rigid unit. 

Upward movement of the basilar fiber rocks the re¬ 
ticular lamina upward and inward. Then, when the 
basilar membrane moves downward, the reticular 
lamina rocks downward and outward. The inward and 
outward motion causes the hairs to shear back and 
forth against the tectorial membrane; or, in the case of 
the internal hair cells, the hairs of which do not neces¬ 
sarily touch the tectorial membrane, fluid rushes back 


and forth over the hairs and bends them. Thus, the hair 
cells are excited whenever the basilar membrane vi¬ 
brates. 

Hair Cell Receptor Potentials and Excitation of 
Auditory Nerve Fibers. The stereocilia are stiff struc¬ 
tures because each of these has a rigid internal struc¬ 
tural protein framework as is true for all cilia in the 
body. Each hair cell has about 100 stereocilia on its 
apical border. These become progressively longer on 
the side away from the modiolus, and the tops of the 
shorter stereocilia are each attached by a thin filament 
to the side of its adjacent longer stereocilium. There¬ 
fore, whenever the cilia are bent in the direction of the 
longer ones, the tips of the smaller stereocilia are 
tugged outward from the surface of the hair cell. This 
causes a mechanical transduction that opens as many 
as 200 to 300 cation conducting channels, allowing 
rapid movement of positively charged potassium ions 
into the tips of the stereocilia, which in turn causes 
depolarization of the entire hair cell membrane. 

Thus, when the basilar fibers bend toward the scala 
vestibuli, the hair cells depolarize, and in the opposite 
direction they hyperpolarize, thus generating an alter¬ 
nating hair cell receptor potential. This in turn stimu¬ 
lates the cochlear nerve endings that synapse with the 
bases of the hair cells. It is believed that a rapidly acting 
neurotransmitter is released by the hair cells at these 
synapses during depolarization. It is possible that the 
transmitter substance is glutamate, but this is not cer¬ 
tain. 

The Endocochlear Potential. To explain even more fully 
the electrical potentials generated by the hair cells, we need 
to explain another electrical phenomenon called the endo¬ 
cochlear potential: The scala media is filled with a fluid 
called endolymph, in contradistinction to the perilymph 
present in the scala vestibuli and scala tympani. The scala 
vestibuli and scala tympani communicate directly with the 
subarachnoid space around the brain, so that the perilymph 
is almost identical with cerebrospinal fluid. On the other 
hand, the endolymph that fills the scala media is an entirely 
different fluid secreted by the stria vascularis, a highly vascu¬ 
lar area on the outer wall of the scala media. Endolymph 
contains a very high concentration of potassium and a very 
low concentration of sodium, which is exactly opposite to the 
perilymph. 

An electrical potential of approximately + 80 mV exists all 
the time between the endolymph and the perilymph, with 


Reticular lamina Hairs Tectorial 



Figure 14-8. Slimiilalion of the hair cells by the to-and-fro 
movement of the hairs in the tectorial membrane. 
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positivity inside the scala media and negativity outside. This 
is called the endocochlear potential, and it is believed to be 
generated by continual transport of positive potassium ions 
from the perilymph into the scala media by the stria vascu¬ 
laris. 

The importance of the endocochlear potential is that the 
tops of the hair cells project through the reticular lamina and 
are bathed by the endolymph of the scala media, whereas 
perilymph bathes the lower bodies of the hair cells. Further¬ 
more, the hair cells have a negative intracellular potential 
of —60 mV with respect to the perilymph, but —140 mV 
with respect to the endolymph at their upper surfaces, where 
the hairs project into the endolymph. It is believed that this 
high electrical potential at the tips of the stereocilia greatly 
sensitizes the cell, thereby increasing its ability to respond to 
the slightest sound. 


DETEmtIIMATIOiX OF SOUMD 
FMiEQUEIMCV—THE **PLACE** 

PRhXCIPLE 

From earlier discussions in this chapter it is already 
apparent that low frequency sounds cause maximal 
activation of the basilar membrane near the apex of the 
cochlea, sounds of high frequency activate the basilar 
membrane near the base of the cochlea, and interme¬ 
diate frequencies activate the membrane at interme¬ 
diate distances between these two extremes. Further¬ 
more, there is spatial organization of the nerve fibers in 
the cochlear pathway all the way from the cochlea to 
the cerebral cortex. And recording of signals from the 
auditory tracts in the brain stem and from the auditory 
receptive fields in the cerebral cortex shows that spe¬ 
cific neurons are activated by specific sound frequen¬ 
cies. Therefore, the major method used by the nervous 
system to detect different frequencies is to determine 
the position along the basilar membrane that is most 
stimulated. This is called the place principle for deter¬ 
mination of frequency (or of sound "pitch''). 

Yet, referring again to Figure 14-6, one can see that 
the distal end of the basilar membrane at the helico- 
trema is stimulated by all sound frequencies below 200 
cycles/sec. Therefore, it has been difficult to under¬ 
stand from the place principle how one can differen¬ 
tiate between very low sound frequencies, from 200 
down to 20. It is postulated that these low frequencies 
are discriminated mainly by the so-called volley or fre¬ 
quency principle. That is, low frequency sounds, from 
20 up to 2000 to 4000 cycles/sec, can cause volleys of 
impulses at the same low frequencies to be transmitted 
by the cochlear nerve into the cochlear nuclei. It is 
believed that the cochlear nuclei then distinguish the 
different frequencies. In fact, destruction of the entire 
apical half of the cochlea, which destroys the basilar 
membrane where all the lower frequency sounds are 
normally detected, still does not completely eliminate 
the discrimination of low frequency sounds. 


DETEmH\ATiO\ OF LOUDAESS 

Loudness is determined by the auditory system in at 
least three different ways: First, as the sound becomes 


louder, the amplitude of vibration of the basilar mem¬ 
brane and hair cells also increases, so that the hair cells 
excite the nerve endings at more rapid rates. Second, as 
the amplitude of vibration increases, it causes more 
and more of the hair cells on the fringes of the resonat¬ 
ing portion of the basilar membrane to become stimu¬ 
lated, thus causing spatial summation of impulses — 
that is, transmission through many nerve fibers, rather 
than through a few. Third, certain hair cells do not 
become stimulated until the vibration of the basilar 
membrane reaches a relatively high intensity, and it is 
believed that stimulation of these cells in some way 
apprises the nervous system that the sound is then 
very loud. 

Detection of Changes in Loudness — The Power 
Law. It was pointed out in Chapter 8 that a person 
interprets changes in intensity of sensory stimuli ap¬ 
proximately in proportion to a power function of the 
actual intensity. In the case of sound, the interpreted 
sensation changes approximately in proportion to the 
cube root of the actual sound intensity. To express this 
another way, the ear can discriminate differences in 
sound intensity from the softest whisper to the loudest 
possible noise, representing an approximate 1 trillion 
times increase in sound energy or 1 million times in¬ 
crease in amplitude of movement of the basilar mem¬ 
brane. Yet the ear interprets this much difference in 
sound level as approximately a 10,000-fold change. 
Thus, the scale of intensity is greatly "compressed" by 
the sound perception mechanisms of the auditory sys¬ 
tem. This obviously allows a person to interpret differ¬ 
ences in sound intensities over an extremely wide 
range, a far broader range than would be possible were 
it not for compression of the scale. 

The Decibel Unit. Because of the extreme changes 
in sound intensities that the ear can detect and discrim¬ 
inate, sound intensities are usually expressed in terms 
of the logarithm of their actual intensities. A 10-fold 
increase in sound energy (or a \/T0-fold increase in 
sound pressure, because energy is proportional to the 
square of pressure) is called 1 bel, and 0.1 bel is called 1 
decibel (db). One decibel represents an actual increase 
in sound energy of 1.26 times. 

Another reason for using the decibel system in ex¬ 
pressing changes in loudness is that, in the usual sound 
intensity range for communication, the ears can barely 
distinguish approximately a 1 db change in sound in¬ 
tensity. 

Threshold for Hearing Sound at Different Frequencies. 
Figure 14-9 shows the pressure thresholds at which sounds 
of different frequencies can barely be heard by the ear. This 
figure illustrates that a 3000 cycle/sec sound can be heard 
even when its intensity is as low as 70 db below 1 dyne/cm^ 
sound pressure level, which is one ten-millionth microwatt 
per square centimeter. On the other hand, a 100 cycle/sec 
sound can be detected only if its intensity is 10,000 times as 
great as this. 

Frequency Range of Hearing. The frequencies of sound 
that a young person can hear, before aging has occurred in 
the ears, is generally stated to be between 20 and 20,000 
cycles/sec. However, referring again to Figure 14-9, we see 
that the sound range depends to a great extent on intensity. If 
the intensity is 60 db below the 1 dyne/cm^ sound pressure 




14 ■ The Sense of Hearing I S3 



Figure 14-9. Relationship of the threshold of hearing and the 
threshold of somesthetic perception to the sound energy le\ el at 
each sound frequency. (Modified from Stevens and Davis: Hear¬ 
ing. New York, John W'iley & Sons.) 


level, the sound range is 500 to 5000 cycles/sec, and only 
with intense sounds can the complete range of 20 to 20,000 
cycles be achieved. In old age, the frequency range falls to 50 
to 8000 cycles/sec or less, as discussed later in the chapter. 


■ CENTRAL AUDITORY 
MECHAiVISMS 

THE AUDITORY PATHWAY 

Figure 14-10 illustrates the major auditory pathways. 
It shows that nerve fibers from the spiral ganglion of 
Corti enter the dorsal and ventral cochlear nucleilocaied 
in the upper part of the medulla. At this point, all the 
fibers synapse, and second-order neurons pass mainly 
to the opposite side of the brain stem through the trap¬ 
ezoid body to the superior olivary nucleus. However, 
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Figure 14—10. The auditory pathway. (Modified from Crosby, 
Humphrey, and Lauer.: Correlative Anatomy of the Nervous Sys¬ 
tem. New York, Macmillan Publishing Co., 1962. Copyright 1962 
by Macmillan Publishing Co. Reprinted with permission.) 


some second-order fibers also pass ipsilaterally to the 
superior olivary nucleus on the same side. From the 
superior olivary nucleus the auditory pathway then 
passes upward through the lateral lemniscus; and 
some, but not all, of the fibers terminate in the nucleus 
of the lateral lemniscus. Many bypass this nucleus and 
pass on to the inferior colliculus, where either all or 
almost all of them terminate. From here, the pathway 
passes to the medial geniculate nucleus, where all the 
fibers again synapse. And, finally, the auditory path¬ 
way proceeds by way of the auditory radiations to the 
auditory cortex, located mainly in the superior gyrus of 
the temporal lobe. 

Several points of importance in relation to the audi¬ 
tory pathway should be noted. First, signals from both 
ears are transmitted through the pathways of both 
sides of the brain with only slight preponderance of 
transmission in the contralateral pathway. In at least 
three different places in the brain stem crossing-over 
occurs between the two pathways: (1) in the trapezoid 
body, (2) in the commissure of Probst between the two 
nuclei of the lateral lemnisci, and (3) in the commissure 
connecting the two inferior colliculi. 

Second, many collateral fibers from the auditory 
tracts pass directly into the reticular activating system of 
the brain stem. This system projects diffusely upward 
into the cerebral cortex and downward into the spinal 
cord and activates the entire nerv'ous system in re¬ 
sponse to a loud sound. Other collaterals go to the 
vermis of the cerebellum, which is also activated instan¬ 
taneously in the event of a sudden noise. 

Third, a high degree of spatial orientation is main¬ 
tained in the fiber tracts from the cochlea all the way to 
the cortex. In fact, there are three different spatial rep¬ 
resentations of sound frequencies in the cochlear nu¬ 
clei, two representations in the inferior colliculi, one 
precise representation for discrete sound frequencies in 
the auditory cortex, and at least five other less precise 
representations in the auditory cortex and auditory as¬ 
sociation areas. 

Firing Rates at Different Levels of the Auditory Path¬ 
way. Single nerve fibers entering the cochlear nuclei from 
the auditory nerve can fire at rates up to at least 1000/sec, 
the rate being detemnined mainly by the loudness of the 
sound. At sound frequencies up to 2000 to 4000 cycles/sec, 
the auditory nerv^e impulses are often synchronized with the 
sound waves, but they do not necessarily occur with ever\^ 
wave. 

In the auditor)^ tracts of the brain stem, the firing is usually 
no longer synchronized with the sound frequency except at 
sound frequencies below 200 cycles/sec. And above the 
level of the inferior colliculi, even this svmchronization is 
mainly lost. These findings demonstrate that the sound sig¬ 
nals are not transmitted unchanged directly from the ear to 
the higher levels of the brain; instead, information from the 
sound signals begins to be dissected from the impulse traffic 
at levels as low as the cochlear nuclei. We will have more to 
say about this later, especially in relation to perception of 
direction from which sound comes. 

Another significant feature of the auditory pathways is 
that low rates of impulse firing continue even in the absence 
of sound all the way from the cochlear nerve fibers to the 
auditory cortex. When the basilar membrane moves toward 
the scala vestibuli, the impulse traffic increases; w'hen the 
































134 V ■ The Central Xerrous System: B, The Special Senses 


basilar membrane moves toward the scala tympani, the im¬ 
pulse traffic decreases. Thus, the presence of this back¬ 
ground signal allows information to be transmitted from the 
basilar membrane when the membrane moves in either di¬ 
rection: positive information in one direction and negative 
information in the opposite direction. Were it not for the 
background signal, only the positive half of the information 
could be transmitted. This type of so-called "'carrier wave" 
method for transmitting information is utilized in many parts 
of the brain, as discussed in several of the succeeding chap¬ 
ters. 


FUXCTIOX OF THE CEREBRAL 
CORTEX IX HEARIXG 

The projection areas of the auditory pathway to the 
cerebral cortex are illustrated in Figure 14-11, which 
shows that the auditory cortex lies principally on the 
supratemporal plane of the superior temporal gyrus but 
also extends over the lateral border of the temporal lobe, 
over much of the insular cortex, and even into the most 
lateral portion of the parietal operculum. 

Two separate areas are shown in Figure 14-11: the 
primary auditory cortex and the auditory association cor¬ 
tex (also called the secondary auditory cortex). The pri¬ 
mary auditory cortex is directly excited by projections 
from the medial geniculate body, whereas the auditory 
association areas are excited secondarily by impulses 
from the primar\^ auditory cortex and by projections 
from thalamic association areas adjacent to the medial 
geniculate body. 

Sound Frequency Perception in the Primary Au¬ 
ditory Cortex. At least six different tonotopic maps 
have been found in the primary auditory cortex and 
auditory association areas. In each of these maps, high 
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Figure 14-11. The auditory cortex. 



frequency sounds excite neurons at one end of the 
map, whereas low frequency sounds excite the neu¬ 
rons at the opposite end. In most, the low frequency 
sounds are located anteriorly, as shown in Figure 
14-11; and the high frequency sounds, posteriorly. 
However, this is not true for all the maps. The question 
that one must ask is why does the auditory cortex have 
so many different tonotopic maps? The answer is pre¬ 
sumably that each of the separate areas dissects out 
some specific feature of the sounds. For instance, one 
of the large maps in the primary auditory cortex almost 
certainly discriminates the sound frequencies them¬ 
selves and gives the person the psychic sensation of 
sound pitches. Another one of the maps probably is 
used to detect the direction from which the sound 
comes. 

The frequency range to which each individual 
neuron in the auditory cortex responds is much nar¬ 
rower than that in the cochlear and brain stem relay 
nuclei. Referring back to Figure 14-6B, we note that 
the basilar membrane near the base of the cochlea is 
stimulated by all frequency sounds, and in the cochlear 
nuclei this same breadth of sound representation is 
found. Yet by the time the excitation has reached the 
cerebral cortex, most sound-responsive neurons re¬ 
spond only to a narrow range of frequencies, rather 
than a broad range. Therefore, somewhere along the 
pathway, processing mechanisms ''sharpen" the fre¬ 
quency response. It is believed that this sharpening 
effect is caused mainly by the phenomenon of lateral 
inhibition, which was discussed in Chapter 8 in rela¬ 
tion to mechanisms for transmitting information in 
nerves. That is, stimulation of the cochlea at one fre¬ 
quency causes inhibition of signals caused by sound 
frequencies on either side of the stimulated frequency, 
this resulting from collateral fibers angling off the pri¬ 
mary signal pathway and exerting inhibitory influ¬ 
ences on adjacent pathways. The same effect has also 
been demonstrated to be important in sharpening pat¬ 
terns of somesthetic images, visual images, and other 
types of sensations. 

A large share of the neurons in the auditory cortex, 
especially in the auditory association cortex, do not 
respond to specific sound frequencies in the ear. It is 
believed that these neurons "associate" different 
sound frequencies with each other or associate sound 
information with information from other sensory 
areas of the cortex. Indeed, the parietal portion of the 
auditory association cortex partly overlaps somatic 
sensory area II, which could provide easy opportunity 
for association of auditory information with somatic 
sensory information. 

Discrimination of Sound "Patterns" by the Audi¬ 
tory Cortex. Complete bilateral removal of the audi¬ 
tory cortex does not prevent a cat or monkey from 
detecting sounds or reacting in a crude manner to the 
sounds. However, it does greatly reduce or sometimes 
even abolish its ability to discriminate different sound 
pitches and especially patterns of sound. For instance, 
an animal that has been trained to recognize a combi¬ 
nation or sequence of tones, one following the other in 
a particular pattern, loses this ability when the audi- 
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tory cortex is destroyed; and, furthermore, it cannot 
relearn this type of response. Therefore, the auditory 
cortex is important in the discrimination of tonal and 
sequential sound patterns. 

Total destruction of both primary auditory cortices 
in the human being is said to reduce greatly one's sen¬ 
sitivity for hearing, which is quite different from the 
effect in lower animals. However, this information is 
not clear. On the other hand, destruction of the pri¬ 
mary auditory cortex on only one side in the human 
being has little effect on hearing because of the many 
crossover connections from side to side in the neural 
pathway. Yet this does affect one's ability to localize 
the source of sound, because comparative signals in 
both cortices are required for this localization function. 

Lesions in the human being affecting the auditory 
association areas but not affecting the primary audi¬ 
tory cortex do not decrease the person's ability to hear 
and differentiate sound tones and to interpret at least 
simple patterns of sound. However, he or she will 
often be unable to interpret the meaning of the sound 
heard. For instance, lesions in the posterior portion of 
the superior temporal gyrus, which is called Wer¬ 
nicke's area and is also part of the auditory association 
cortex, often make it impossible for the person to inter¬ 
pret the meanings of words even though he hears them 
perfectly well and can even repeat them. These func¬ 
tions of the auditory association areas and their rela¬ 
tionship to the overall intellectual functions of the 
brain are discussed in detail in Chapter 19. 

DiSCRMMilVATiOI^i OF THE DIRECTiOIV 
FROM WHiCH SOVIVD EMA]\tATES 

A person determines the direction from which sound 
emanates by two principal mechanisms: (1) by the time 
lag between the entry of sound into one ear and into 
the opposite ear and (2) by the difference between the 
intensities of the sounds in the two ears. The first 
mechanism functions best at frequencies below 3000 
cycles/sec, and the intensity mechanism operates best 
at higher frequencies because the head acts as a sound 
barrier at these frequencies. The time lag mechanism 
discriminates direction much more exactly than the 
intensity mechanism, for the time lag mechanism does 
not depend on extraneous factors but only on an exact 
interval of time between two acoustical signals. If a 
person is looking straight toward the sound, the sound 
reaches both ears at exactly the same instant, while, if 
the right ear is closer to the sound than the left ear, the 
sound signals from the right ear enter the brain ahead 
of those from the left ear. 

Neural Mechanisms for Detecting Sound Direc¬ 
tion. Destruction of the auditory cortex on both sides 
of the brain, in either human beings or lower mam¬ 
mals, causes loss of almost all ability to detect the direc¬ 
tion from which sound comes. Yet the mechanism for 
this detection process begins in the superior olivary 
nuclei, even though it requires the neural pathways all 
the way from these nuclei to the cortex for interpreta¬ 
tion of the signals. The mechanism is believed to be the 
following: 


First, the superior olivary nucleus is divided into two 
sections, (1) the medial superior olivary nucleus and (2) 
the lateral superior olivary nucleus. The lateral nucleus 
is concerned with detecting the direction from which 
the sound is coming by the difference in intensities of the 
sound reaching the two ears, presumably by simply 
comparing the two intensities and sending an appro¬ 
priate signal to the auditory cortex to estimate the di¬ 
rection. 

The medial superior olivary nucleus, on the other 
hand, has a very specific mechanism for detecting the 
time-lag between acoustic signals entering the two ears. 
This nucleus contains large numbers of neurons that 
have two major dendrites, one projecting to the right 
and the other to the left. The acoustical signal from the 
right ear impinges on the right dendrite, and the signal 
from the left ear impinges on the left dendrite. The 
intensity of excitation of each of these neurons is 
highly sensitive to a specific time-lag between the two 
acoustical signals from the two ears. That is, the neu¬ 
rons near one border of the nucleus respond maxi¬ 
mally to a short time-lag; whereas those near the op¬ 
posite border respond to a very long time-lag; and 
those between, to intermediate time-lags. Thus, a spa¬ 
tial pattern of the neuronal stimulation develops in the 
medial superior olivary nucleus, with sound from di¬ 
rectly in front of the head stimulating one set of olivary 
neurons maximally and sounds from different side 
angles stimulating other sets of neurons on opposite 
sides of the straight front neurons. This spatial orienta¬ 
tion of signals is then transmitted all the way to the 
auditory cortex, where sound direction is determined 
by the locus in the cortex that is stimulated maximally. 
It is believed that the signals for deternrining sound 
direction are transmitted through a different pathway 
and that this pathway terminates in the cerebral cortex 
in a different locus from the transmission pathway and 
termination locus for the tonal patterns of sound. 

This mechanism for detection of sound direction in¬ 
dicates again how information in sensory signals is 
dissected out as the signals pass through different 
levels of neuronal activity. In this case, the "quality" of 
sound direction is separated from the "quality" of 
sound tones at the level of the superior olivary nuclei. 


CEIMTRIFVGAL SIGIMALS FROM THE 
CEIMTRAL IVERVOFS SYSTEM TO LOWER 
AUDiTORV CEIYTERS 

Retrograde pathways have been demonstrated at each level 
of the nervous system from the auditory cortex to the coch¬ 
lea. The final pathway is mainly from the superior olivary 
nucleus to the hair cells themselves in the organ of Corti. 

These retrograde fibers are inhibitory. Indeed, direct stim¬ 
ulation of discrete points in the olivary nucleus has been 
shown to inhibit specific areas of the organ of Corti, reducing 
their sound sensitivities as much as 15 to 20 db. One can 
readily understand how this could allow a person to direct 
attention to sounds of particular qualities while rejecting 
sounds of other qualities. This is readily demonstrated when 
one listens to a single instrument in a symphony orchestra. 
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■ HEARIVG ABNORMALITIES 
TY PES OF DEAFXESS 


Deafness is usually divided into two types: first, that caused 
by impairment of the cochlea or auditory nerv^e, which is 
usually classed as "nerv'e deafness," and, second, that 
caused by impairment of the mechanisms for transmitting 
sound into the cochlea, which is usually called "conduction 
deafness." Obviously, if either the cochlea or the auditor)^ 
nerv^e is completely destroyed, the person is permanently 
deaf. However, if the cochlea and nerv^e are still intact but the 
ossicular system has been destroyed or ankylosed ("frozen" 
in place by fibrosis or calcification), sound waves can still be 
conducted into the cochlea by means of bone conduction. 

The Audiometer. To determine the nature of hearing dis¬ 
abilities, the audiometer is used. Simply an earphone con¬ 
nected to an electronic oscillator capable of emitting pure 
tones ranging from low frequencies to high frequencies, the 
instrument is calibrated so that the zero intensity level of 
sound at each frequency is the loudness that can barely be 
heard by the normal person, based on previous studies of 
normal persons. However, a calibrated volume control can 
increase or decrease the loudness of each tone above or 
below the zero level. If the loudness of a tone must be in¬ 
creased to 30 db above normal before it can be heard, the 
person is said to have a hearing loss of 30 db for that particu¬ 
lar tone. 

In performing a hearing test using an audiometer, one tests 
approximately 8 to 10 frequencies covering the auditory 
spectrum, and the hearing loss is determined for each of 
these frequencies. Then the so-called "audiogram" is plotted 
as shown in Figures 14-12 and 14-13, depicting the hearing 
loss for each of the frequencies in the auditory spectrum. 

The audiometer, in addition to being equipped with an 
earphone for testing air conduction by the ear, is also 
equipped with an electronic vibrator for testing bone con¬ 
duction from the mastoid process into the cochlea. 

The Audiogram in Nerve Deafness. In nerve deafness — 
this term including damage to the cochlea, to the auditory 
nerv^e, or to the central nerv^ous system circuits from the 
ear—the person has decreased or total loss of ability to hear 
sound as tested by both air conduction and bone conduction. 
An audiogram depicting partial nerv^e deafness is illustrated 
in Figure 14-12. In this figure the deafness is mainly for high 
frequenc)^ sound. Such deafness could be caused by damage 
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Figure 14-12. Audiogram of the old-age type of nerve deaf¬ 
ness. 
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Figure 14-13. Audiogram of deafness resulting from middle 
ear sclerosis. 


to the base of the cochlea. This type of deafness occurs to 
some extent in almost all older persons. 

Other patterns of nerv^e deafness frequently occur as fol¬ 
lows: (1) deafness for low frequency sounds caused by ex¬ 
cessive and prolonged exposure to very loud sounds (a rock 
band or a jet airplane engine) because low^ frequencv" sounds 
are usually louder and more damaging to the organ of Corti, 
and (2) deafness for all frequencies caused by drug sensitiv¬ 
ity of the organ of Corti, especially sensitivity to some antibi¬ 
otics such as streptomycin, kanamycin, and chloramphen¬ 
icol. 

The Audiogram in Conduction Deafness. A frequent type 
of deafness is that caused by fibrosis of the middle ear fol¬ 
lowing repeated infection in the middle ear or fibrosis occur¬ 
ring in the hereditary disease called otosclerosis. In this in¬ 
stance the sound waves cannot be transmitted easily through 
the ossicles from the tympanic membrane to the oval win- 
do\\\ Figure 14-13 illustrates an audiogram from a person 
with "middle ear deafness" of this type. In this case the bone 
conduction is essentially normal, but air conduction is 
greatly depressed at all frequencies, more so at the low fre¬ 
quencies. In this type of deafness, the faceplate of the stapes 
frequently becomes "ankylosed" by bony overgrowih to the 
edges of the oval window\ In this case, the person becomes 
totally deaf for air conduction but can be made to hear again 
almost normally by removing the stapes and replacing it 
with a minute Teflon or metal prosthesis that transmits the 
sound from the incus to the oval window. 
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IS 

The Chemical Senses — 
Taste and Smell 


The senses of taste and smell allow us to separate un¬ 
desirable or even lethal foods from those that are nu¬ 
tritious. And the sense of smell allows animals to rec¬ 
ognize the proximity of other animals, or even 
individuals among animals. Finally, both senses are 
strongly tied to primitive emotional and behavioral 
functions of our nervous systems. 


■ THE SEiXSE OF TASTE 

Taste is mainly a function of the taste buds in the 
mouth, but it is common experience that one's sense of 
smell also contributes strongly to taste perception. In 
addition, the texture of food, as detected by tactual 
senses of the mouth, and the presence of such sub¬ 
stances in the food as pepper, which stimulate pain 
endings, greatly condition the taste experience. The 
importance of taste lies in the fact that it allows a per¬ 
son to select food in accord with desires and perhaps 
also in accord with the needs of the tissues for specific 
nutritive substances. 


THE PRIMARY SEiXSATIOiXS OF TASTE 

The identities of the specific chemicals that excite dif¬ 
ferent taste receptors are still very incomplete. Even so, 
psychophysiological and neurophysiological studies 
have identified at least 13 possible or probable chemi¬ 
cal receptors in the taste cells as follows: 2 sodium 
receptors, 2 potassium receptors, 1 chloride receptor, 1 
adenosine receptor, 1 inosine receptor, 2 sweet recep¬ 
tors, 2 bitter receptors, 1 glutamate receptor, and 1 
hydrogen ion receptor. 

For practical analysis of taste, however, the above 
receptor capabilities have been collected into four gen¬ 
eral categories called the primary sensations of taste. 
These are sour, salty, sweet, and bitter. 

We know, of course, that a person can perceive liter¬ 
ally hundreds of different tastes. These are all sup¬ 


posed to be combinations of the elementary sensations 
in the same manner that all the colors that we can see 
are combinations of the three primary colors as de¬ 
scribed in Chapter 12. 

The Sour Taste. The sour taste is caused by acids, 
and the intensity of the taste sensation is approxi¬ 
mately proportional to the logarithm of the hydrogen 
ion concentration. That is, the more acidic the acid, the 
stronger becomes the sensation. 

The Salty Taste. The salty taste is elicited by ionized 
salts. The quality of the taste varies somewhat from 
one salt to another because the salts also elicit other 
taste sensations besides saltiness. The cations of the 
salts are mainly responsible for the salty taste, but the 
anions also contribute to a lesser extent. 

The Sweet Taste. The sweet taste is not caused by 
any single class of chemicals. A list of some of the types 
of chemicals that cause this taste includes sugars, gly¬ 
cols, alcohols, aldehydes, ketones, amides, esters, 
amino acids, sulfonic acids, halogenated acids, and 
inorganic salts of lead and beryllium. Note specifically 
that most of the substances that cause a sweet taste are 
organic chemicals. It is especially interesting that very 
slight changes in the chemical structure, such as addi¬ 
tion of a simple radical, can often change the substance 
from sweet to bitter. 

The Bitter Taste. The bitter taste, like the sweet 
taste, is not caused by any single type of chemical 
agent; but, here again, the substances that give the 
bitter taste are almost entirely organic substances. Two 
particular classes of substances are especially likely to 
cause bitter taste sensations: (1) long chain organic 
substances containing nitrogen and (2) alkaloids. The 
alkaloids include many of the drugs used in medicines 
such as quinine, caffeine, strychnine, and nicotine. 

Some substances that at first taste sweet have a bitter 
aftertaste. This is true of saccharin, which makes this 
substance objectionable to some people. 

The bitter taste, when it occurs in high intensity, 
usually causes the person or animal to reject the food. 
This is undoubtedly an important purposive function 
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TABLE IS - t Relative Taste indices of Different Substances 

Bitter Salty 

Sour Substances Index Substances Index Sweet Substances Index Substances Index 


Hydrochloric acid 

1 

Quinine 

1 

Sucrose 

1 

NaCl 

1 

Formic acid 

1.1 

Brucine 

11 

1 -propoxy-2-amino- 


NaF 

2 

Chloracetic acid 

0.9 

Strychnine 

3.1 

4-nitrobenzene 

5000 

CaClz 

1 

Acetyllactic acid 

0.85 

Nicotine 

1.3 

Saccharin 

675 

NaBr 

0.4 

Lactic acid 

0.85 

Phenylthiourea 

0.9 

Chloroform 

40 

Nal 

0.35 

Tartaric acid 

0.7 

Caffeine 

0.4 

Fructose 

1.7 

UCl 

0.4 

Malic acid 

0.6 

Veratrine 

0.2 

Alanine 

1.3 

NH4CI 

2.5 

Potassium H tartrate 

0.58 

Pilocarpine 

0.16 

Glucose 

0.8 

KCl 

0.6 

Acetic acid 

0.55 

Atropine 

0.13 

Maltose 

0.45 



Citric acid 

0.46 

Cocaine 

0.02 

Galactose 

0.32 



Carbonic acid 

0.06 

Morphine 

0.02 

Lactose 

0.3 



(From Derma: Proc. Oklahoma Acad. Sci., 27.'9, 1947; and Pfatfman: Handbook of Physiology. Sec. 1 

, V'ol. I. Baltimore, Williams & Wilkins, 1959, 


p. 507.) 


of the bitter taste sensation, because many of the 
deadly toxins found in poisonous plants are alkaloids, 
which all cause intensely bitter taste. 


Threshold for Taste 

The threshold for stimulation of the sour taste by hydrochlo¬ 
ric acid averages 0.0009 M; for stimulation of the salty taste 
by sodium chloride, 0.01 M; for the sweet taste by sucrose, 
0.01 M; and for the bitter taste by quinine, 0.000008 M.Note 
especially how much more sensitive is the bitter taste sense 
than all the others, which would be expected, because this 
sensation provides an important protective function. 

Table 15-1 gives the relative taste indices (the reciprocals 
of the taste thresholds) of different substances. In this table, 
the intensities of the four different primary sensations of 
taste are referred, respectively, to the intensities of taste of 
hydrochloric acid, quinine, sucrose, and sodium chloride, 
each of which is considered to have a taste index 
of 1. 

Taste Blindness. Many persons are taste blind for certain 
substances, especially for different types of thiourea com¬ 
pounds. A substance used frequently by psychologists for 
demonstrating taste blindness is phenylthiocarhamide, for 
which approximately 15 to 30 per cent of all people exhibit 
taste blindness, the exact percentage depending on the 
method of testing and the concentration of the substance. 



Stratified squamous 
epithelium 


Pore 


Nerve fibers 
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Microvilli 
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Subepithelial connective 
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Figure 15—1. I he taste bud. 


THE TASTE BUD Ai\D iTS FVIVCTIOIM 

Figure 15-1 illustrates a taste bud, which has a diame¬ 
ter of about Vao mm and a length of about Vi6 mm. The 
taste bud is composed of about 40 modified epithelial 
cells, some of which are supporting cells called susten- 
tacular cells and others are taste cells. The taste cells are 
continually being replaced by mitotic division from the 
surrounding epithelial cells so that some are young 
cells and others are mature cells that lie toward the 
center of the bud and soon break up and dissolve. The 
life span of each taste cell is about 10 days in lower 
mammals but is unknown for the human being. 

The outer tips of the taste cells are arranged around a 
minute taste pore, shown in Figure 15-1. From the tip 
of each cell, several microvilli, or taste hairs, protrude 
outward into the taste pore to approach the cavity of 
the mouth. These microvilli provide the receptor sur¬ 
face for taste. 

Interwoven among the taste cells is a branching ter¬ 
minal network of several taste nerve fibers that are stim¬ 
ulated by the taste receptor cells. Some of these fibers 
invaginate into folds of the taste cell membranes. 
Many vesicles form beneath the membrane near the 
fibers, suggesting that these might secrete a neuro¬ 
transmitter to excite the nerve fibers in response to 
taste stimulation. 

Location of the Taste Buds. The taste buds are found on 
three different types of papillae of the tongue, as follows: (1) 
A large number of taste buds are on the walls of the troughs 
that surround the circumvallate papillae, which form a V line 
toward the posterior of the tongue. (2) Moderate numbers of 
taste buds are on the fungiform papillae over the flat anterior 
surface of the tongue. (3) Moderate numbers are on the fo¬ 
liate papillae located in the folds along the lateral surfaces of 
the tongue. Additional taste buds are located on the palate 
and a few on the tonsillar pillars, the epiglottis, and even the 
proximal esophagus. Adults have approximately 10,000 
taste buds, and children a few more. Beyond the age of 45 
years many taste buds rapidly degenerate, causing the taste 
sensation to become progressively less critical. 

Especially important in relation to taste is the tendency for 
taste buds subserving particular primary sensations of taste 
to be located in special areas. The sweet and salty tastes are 
located principally on the tip of the tongue, the sour taste on 
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the two lateral sides of the tongue, and the bitter taste on the 
posterior tongue and soft palate. 

Specificity of Taste Buds for the Primary Taste 
Stimuli. Microelectrode studies from single taste buds 
while they are stimulated successively by the four dif¬ 
ferent primary taste stimuli have shown that most of 
them can be excited by two, three, or even four of the 
primary taste stimuli as well as by a few other taste 
stimuli that do not fit into the ''primary" categories. 
Usually, though, one or two of the taste categories will 
predominate. 

Mechanism of Stimulation of Taste Buds. The 
Receptor PotentiaL The membrane of the taste cell, 
like that of other sensory receptor cells, is negatively 
charged on the inside with respect to the outside. Ap¬ 
plication of a taste substance to the taste hairs causes 
partial loss of this negative potential — that is, the taste 
cell is depolarized. The decrease in potential, within a 
wide range, is approximately proportional to the loga¬ 
rithm of concentration of the stimulating substance. 
This change in potential in the taste cell is the receptor 
potential for taste. 

The mechanism by which the stimulating substance 
reacts with the taste villi to initiate the receptor poten¬ 
tial is believed to be by binding of the taste chemicals to 
protein receptor molecules that protrude through the 
villus membrane. This in turn opens ion channels, 
which allow sodium ions to enter and depolarize the 
cell. Then the taste chemical is gradually washed away 
from the taste hair by the saliva, which removes the 
stimulus. Supposedly, the types of receptors in each 
taste hair determine the types of taste that will elicit 
responses. 

Generation of Nerve Impulses by the Taste Bud. On 
first application of the taste stimulus, the rate of dis¬ 
charge of the nerve fibers rises to a peak in a small 
fraction of a second, but then it adapts within the next 
2 sec back to a lower steady level. Thus, a strong imme¬ 
diate signal is transmitted by the taste nerve, and a 
weaker continuous signal is transmitted as long as the 
taste bud is exposed to the taste stimulus. 


TRANSniSSION OF TASTE SIGNALS 
INTO THE CENTRAL NERVOUS SlSTE3i 

Figure 15-2 illustrates the neuronal pathways for 
transmission of taste signals from the tongue and pha¬ 
ryngeal region into the central nervous system. Taste 
impulses from the anterior two thirds of the tongue 
pass first into the fifth nerve and then through the 
chorda tympani into the facial nerve, thence into the 
tractus solitarius in the brain stem. Taste sensations 
from the circumvallate papillae on the back of the 
tongue and from other posterior regions of the mouth 
are transmitted through the glossopharyngeal nerve also 
into the tractus solitarius but at a slightly lower level. 
Finally, a few taste signals are transmitted into the 
tractus solitarius from the base of the tongue and other 
parts of the pharyngeal region by way of the vagus 
nerve. 



Figure 15 — 3. Transmission of taste impulses into the central 
nerv ous system. 


All taste fibers synapse in the nuclei of the tractus 
solitarius and send second-order neurons to a small 
area of the ventral posterior medial nucleus of the thala¬ 
mus located slightly medial to the thalamic termina¬ 
tions of the facial regions of the dorsal column-medial 
lemniscal system. From the thalamus, third-order neu¬ 
rons are transmitted to the lower tip of the postcentral 
gyrus in the parietal cortex, where it curls deep into the 
sylvian fissure and also into the adjacent operculorin- 
sular area, also in the sylvian fissure. This lies slightly 
lateral, ventral, and rostral to the tongue area of so¬ 
matic area 1. 

From this description of the taste pathways, it imme¬ 
diately becomes evident that they parallel closely the 
somatic pathways from the tongue. 

Taste Reflexes Integrated in the Brain Stem. From 
the tractus solitarius a large number of impulses are 
transmitted within the brain stem itself directly into 
the superior and inferior salivatory nuclei, and these in 
turn transmit impulses to the submandibular, sublin¬ 
gual, and parotid glands to help control the secretion of 
saliva during the ingestion of food. 

Adaptation of Taste. Everyone is familiar with the 
fact that taste sensations adapt rapidly, often with al¬ 
most complete adaptation within a minute or so of 
continuous stimulation. Yet, from electrophysiological 
studies of taste nerve fibers, it is clear that the taste 
buds themselves adapt enough to account for no more 
than about one half of this. Therefore, the extreme 
degree of adaptation that occurs in the sensation of 
taste almost certainly occurs in the central nervous 
system itself, though the mechanism and site of this 
are not known. At any rate, it is a mechanism different 
from that of most other sensory systems, which adapt 
mainly at the receptors. 

TASTE PREFERENCE AND CONTROL OF 
THE DIET 

Taste preferences mean simply that an animal will choose 
certain types of food in preference to others, and it automati- 
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cally uses this to help control the type of diet it eats. Further¬ 
more, its taste preferences often change in accord with the 
needs of the body for certain specific substances. The follow¬ 
ing experiments illustrate this ability of animals to choose 
food in accord with the needs of its body: First, adrenalecto- 
mized animals automatically select drinking water with a 
high concentration of sodium chloride in preference to pure 
water, and this in many instances is sufficient to supply the 
needs of the body and prevent death as a result of salt deple¬ 
tion. Second, an animal given injections of excessive 
amounts of insulin develops a depleted blood sugar, and it 
automatically chooses the sweetest food from among many 
samples. Third, parathyroidectomized animals automati¬ 
cally choose drinking water with a high concentration of 
calcium chloride. 

These same phenomena are also observed in many in¬ 
stances of everyday life. For instance, the salt licks of the 
desert region are known to attract animals from far and wide, 
and even the human being rejects any food that has an un¬ 
pleasant affective sensation, which certainly in many in¬ 
stances protects our bodies from undesirable substances. 

The phenomenon of taste preference almost certainly re¬ 
sults from some mechanism located in the central nervous 
system and not from a mechanism in the taste receptors 
themselves, although it is true that the receptors often do 
become sensitized to the needed nutrient. An important rea¬ 
son for believing taste preference to be mainly a central phe¬ 
nomenon is that previous experience with unpleasant or 
pleasant tastes plays a major role in determining one's dif¬ 
ferent taste preferences. For instance, if a person becomes 
sick soon after eating a particular type of food, the person 
generally develops a negative taste preference, or taste aver¬ 
sion, for that particular food thereafter; the same effect can 
be demonstrated in animals. 


■ THE SEi\SE OF SMELL 

Smell is the least understood of our senses. This results 
partly from the fact that the sense of smell is a subjec¬ 
tive phenomenon that cannot be studied with ease in 
lower animals. Still another complicating problem is 
that the sense of smell is almost rudimentary in the 
human being in comparison with that of some lower 
animals. 


THE OLFACTORY HEUBRAAE 

The olfactory membrane lies in the superior part of 
each nostril, as illustrated in Figure 15-3. Medially it 
folds downward over the surface of the septum, and 
laterally it folds over the superior turbinate and even 
over a small portion of the upper surface of the middle 
turbinate. In each nostril the olfactory membrane has a 
surface area of approximately 2.4 cm^. 

The Olfactory Cells. The receptor cells for the smell 
sensation are the olfactory cells, which are actually bi¬ 
polar nerve cells derived originally from the central 
nervous system itself. There are about 100 million of 
these cells in the olfactory epithelium interspersed 
among sustentacular cells, as shown in Figure 15-4. 
The mucosal end of the olfactory cell forms a knob 
from which 6 to 12 olfactory hairs, or cilia, 0.3 jum in 
diameter and up to 200 fim in length, project into the 



Figure 15 — 3. Xeural connections of the olfactory system. 


mucus that coats the inner surface of the nasal cavity. 
These projecting olfactory cilia form a dense mat in the 
mucus, and it is these cilia that react to odors in the air 
and then stimulate the olfactory cells, as discussed 
later. Spaced among the olfactory cells in the olfactory 
membrane are many small glands of Bowman that se¬ 
crete mucus onto the surface of the olfactory mem¬ 
brane. 


STt3Wl^TWi\ OF THE OLFACTORY 
CELLS 

Mechanism of Excitation of the Olfactory Cells. 
The portion of the olfactory cells that responds to the 
olfactory chemical stimuli is the cilia. The membranes 
of the cilia contain large numbers of protein molecules 
that protrude all the way through the membrane and 



Figure 15 — 4. Organization of the olfactory membrane. 
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that can bind with different odorant substances. These 
proteins are called odorant binding proteins. It is pre¬ 
sumed that this binding is the necessary stimulus for 
exciting the olfactory cells. 

Two different theories have been proposed for the 
mechanism of excitation: The simplest theory suggests 
that the molecules of the odorant binding proteins 
themselves open up to become ion channels when the 
odorant binds, allowing mainly large numbers of posi¬ 
tively charged sodium ions to flow to the interior of the 
olfactory cell and depolarize it. The second theory pro¬ 
poses that binding of the odorant causes the odorant 
binding protein to become an activated adenylate cy¬ 
clase at its end that protrudes to the interior of the cell. 
The cyclase in turn catalyzes the formation of c^^lic 
adenosine monophosphate (cAMP), and the cAMP 
acts on many other membrane proteins to open ion 
channels through them. This second mechanism 
would provide an extremely sensitive receptor because 
of a cascade effect that would occur and allow even the 
most minute of stimulation to cause a reaction. 

Regardless of the basic chemical mechanism by 
which the olfactory cells are stimulated, several physi¬ 
cal factors also affect the degree of stimulation. First, 
only volatile substances that can be sniffed into the 
nostrils can be smelled. Second, the stimulating sub¬ 
stance must be at least slightly water soluble, so that it 
can pass through the mucus to reach the olfactory cells. 
And, third, it must be at least slightly lipid soluble, 
presumably because the lipid constituents of the cell 
membrane repel odorants from the membrane recep¬ 
tor proteins. 

Membrane Potentials and Action Potentials in 
Olfactory Cells. The membrane potential of unstimu¬ 
lated olfactor}^ cells, as measured by microelectrodes, 
averages about — 55 mV. At this potential, most of the 
cells generate continuous action potentials at a rate 
vaiydng from once ev^ery 20 sec up to 2 to 3/sec. 

Most odorants cause depolarization of the olfactory 
membrane, decreasing the negative potential in the 
olfactory cell from “55 down to as low as “30 mV or 
even less. Along with this, the number of action po¬ 
tentials increases to about 20/sec, which is a very high 
rate for the very minute, fraction-of-a-micrometer ol¬ 
factory nerve fibers. 

A few odorants hyperpolarize the olfactory cell 
membrane, thus decreasing, instead of increasing, the 
nerve firing rate. 

Over a wide range, the rate of olfactory nerv^e im¬ 
pulses is approximately proportional to the logarithm 
of the stimulus strength, wWch illustrates that the ol¬ 
factory receptors tend to obey principles of transduc¬ 
tion similar to those of other sensory receptors. 

Adaptation. The olfactory receptors adapt approxi¬ 
mately 50 per cent in the first second or so after stimu¬ 
lation. Thereafter, they adapt very little and very 
slowly. Yet we all know from our own experience that 
smell sensations adapt almost to extinction within a 
minute or so after one enters a strongly odorous atmo¬ 
sphere. Because this psychological adaptation is far 
greater than the degree of adaptation of the receptors 
themselves, it is almost certain that most of the adapta¬ 


tion occurs in the central nervous system, which seems 
also to be true for the adaptation of taste sensations. A 
postulated neuronal mechanism for this adaptation is 
the following: Large numbers of centrifugal nerve 
fibers pass from the olfactory regions of the brain 
backward along the olfactory tract and terminate on 
special inhibitory cells in the olfactory bulb, the granule 
cells. It is postulated that after the onset of an olfactory 
stimulus the central nervous system gradually de¬ 
velops a strong feedback inhibition to suppress relay¬ 
ing of the smell signals through the olfactory bulb. 

SEARCH FOR THE PRIHARY 
SE\SATW\S OF SHELL 

Most physiologists are convinced that the many smell 
sensations are subserved by a few rather discrete pri- 
mary sensations, in the same way that vision and taste 
are subserved by a select few sensations. But, thus far, 
only minor success has been achieved in classifying the 
primary sensations of smell. Yet, on the basis of psy¬ 
chological tests and action potential studies from var¬ 
ious points in the olfactory nerve pathways, it has been 
postulated that about seven different primary classes 
of olfactory stimulants preferentially excite separate 
olfactory cells. These classes of olfactory stimulants are 
characterized as follows: 

1. Camphoraceous 

2. Musky 

3. Floral 

4. Pepperminty 

5. Ethereal 

6. Pungent 

7. Putrid 

However, it is unlikely that this list actually repre¬ 
sents the true primary sensations of smell, even though 
it does illustrate the results of one of the many attempts 
to classify them. Indeed, several clues in recent years 
have indicated that there may be as many as 50 or more 
primary sensations of smell — a marked contrast to 
only 3 primary sensations of color detected by the eyes 
and only a few primary sensations of taste detected by 
the tongue. For instance, persons have been found 
who have odor blindness for single substances; and 
such discrete odor blindness has been identified for 
more than 50 different substances. Because it is pre¬ 
sumed that odor blindness for each substance repre¬ 
sents a lack of the appropriate receptor protein in olfac¬ 
tory cells for that substance, it is possible that the sense 
of smell might be subserv^ed by 50 or more primary 
smell sensations. 

Affective Nature of Smell. Smell, equally as much as 
taste, has the affective qualities of either pleasantness or 
unpleasantness. Because of this, smell is as important as, if 
not more important than, taste in the selection of food. In¬ 
deed, a person who has previously eaten food that has dis¬ 
agreed with him is often nauseated by even the smell of that 
same type of food on a second occasion. Other types of odors 
that have proved to be unpleasant in the past may also pro¬ 
voke a disagreeable feeling; on the other hand, perfume of 
the right quality can vvTeak havoc with masculine emotions. 
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In addition, in some lower animals odors are the primary 
excitant of sexual drive. 

Threshold for Smell. One of the principal characteristics 
of smell is the minute quantity of the stimulating agent in the 
air often required to effect a smell sensation. For instance, the 
substance methyl mercaptan can be smelled when only one 
25 billionth of a milligram is present in each milliliter of air. 
Because of this low threshold, this substance is mixed with 
natural gas to give the gas an odor that can be detected when 
it leaks from a gas pipe. 

Measurement of Smell Threshold. One of the problems in 
studying smell has been difficulty in obtaining accurate mea¬ 
surements of the threshold stimulus required to induce 
smell. The simplest technique is simply to allow a person to 
sniff different substances in the usual manner of smelling. 
Indeed, some investigators feel that this is as satisfactory as 
almost any other procedure. However, to eliminate varia¬ 
tions from person to person, more objective methods have 
been developed; One of these has been to place a box con¬ 
taining the volatilized agent over the subject's head. Appro¬ 
priate precautions are taken to exclude odors from the per¬ 
son's own body. The person is allowed to breathe naturally, 
but the volatilized agent is distributed evenly in the air that is 
breathed. 

Gradations of Smell Intensities. Though the threshold 
concentrations of substances that evoke smell are extremely 
slight, concentrations only 10 to 50 times above the thresh¬ 
old values for certain substances sometimes evoke maximum 
intensity of smell. This is in contrast to most other sensory 
systems of the body, in which the ranges of detection are 
tremendous — for instance, 500,000 to 1 in the case of the 
eyes and 1 trillion to 1 in the case of the ears. This perhaps 
can be explained by the fact that smell is concerned more 
with detecting the presence or absence of odors than with 
quantitative detection of their intensities. 


TRAIMSMISSIOX OF SMELL SIGIMALS 
IIVTO THE CEIVTRAL IVERVOVS STSTEM 

The olfactory portions of the brain are among its oldest 
structures, and much of the remainder of the brain 
developed around these olfactory beginnings. In fact, 
part of the brain that originally subserved olfaction 
later evolved into the basal brain structures that in the 
human being control emotions and other aspects of 
behavior; this is the system we call the limbic system, 
discussed in Chapter 20. 


Transmission of Olfactory Signals Into 
the Olfactory Bulb 

The olfactory bulb, which is also called cranial nerve I, 
is illustrated in Figure 15-3. Although it looks like a 
nerve, in reality it is an anterior outgrowth of brain 
tissue from the base of the brain having a bulbous 
enlargement, the olfactory bulb, at its end that lies over 
the cribriform plate separating the brain cavity from the 
upper reaches of the nasal cavity. The cribriform plate 
has multiple small perforations through which an 
equal number of small nerves enter the olfactory bulb 
from the olfactory membrane. Figure 15-4 illustrates 
the close relationship between the olfactory cells in the 
olfactory membrane and the olfactory bulb, showing 


very short axons terminating in multiple globular 
structures of the olfactory bulb called glomeruli. Each 
bulb has several thousand such glomeruli, each of 
which is the terminus for about 25,000 axons from 
olfactory cells. Each glomerulus also is the terminus for 
dendrites from about 25 large mitral cells and about 60 
smaller tufted cells the cell bodies of which lie also in 
the olfactory bulb superior to the glomeruli. These cells 
in turn send axons through the olfactory tract into the 
central nervous system. 

Recent research work suggests that different glo¬ 
meruli respond to different odors. Therefore, it is pos¬ 
sible that the specific glomeruli that are stimulated are 
the real clue to the analysis of different odor signals 
transmitted into the central nervous system. 

The Very Old, the Old, and the Sewer 
Olfactory Pathways Into the Central 
IVervous System 

The olfactory tract enters the brain at the junction be¬ 
tween the mesencephalon and cerebrum; there the 
tract divides into two pathways, one passing medially 
into the medial olfactory area and the other laterally into 
the lateral olfactory area. The medial olfactory area rep¬ 
resents a very old olfactory system, while the lateral 
olfactory area is the input to both a less old olfactory 
system and a newer system. 

The Very Old Olfactory System—The Medial Ol¬ 
factory Area. The medial olfactory area consists of a 
group of nuclei located in the midbasal portions of the 
brain anterior and superior to the hypothalamus. Most 
conspicuous are the septal nuclei, which are midline 
nuclei that feed into the hypothalamus and other por¬ 
tions of the brain's limbic system, the system that is 
concerned with basic behavior as described in Chap¬ 
ter 20. 

The importance of this medial olfactory area is best 
understood by considering what happens in animals 
when the lateral olfactory areas on both sides of the 
brain are removed and only the medial system re¬ 
mains. The answer is that this hardly affects the more 
primitive responses to olfaction such as licking the lips, 
salivation, and other feeding responses caused by the 
smell of food, or such as primitive emotional drives 
associated with smell. On the other hand, removal of 
the lateral areas does abolish the more complicated 
olfactory conditioned reflexes. 

The Old Olfactory System — The Lateral Olfac¬ 
tory Area. The lateral olfactory area is composed 
mainly of the prepyriform and pyriform cortex plus the 
cortical portion of the amygdaloid nuclei. From these 
areas, signal pathways pass into almost all portions of 
the limbic system, especially into the hippocampus, 
which is most important in the learning process—in 
this case presumably learning of likes and dislikes of 
certain foods depending upon experiences with the 
foods. For instance, it is this lateral olfactory area and 
its many connections with the limbic behavioral sys¬ 
tem that cause a person to develop absolute aversion 
to foods that have previously caused nausea and vom¬ 
iting. 
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An important feature of the lateral olfactory area is 
that many signal pathways from this area feed directly 
into an older type of cerebral cortex called the paleo¬ 
cortex in the anteromedial portion of the temporal 
lobe. This is the only area of the entire cerebral cortex 
where sensory signals pass directly to the cortex with¬ 
out passing through the thalamus. 

The Newer Pathway. Still a newer olfactory path¬ 
way has now been found that does indeed pass 
through the thalamus, passing to the dorsomedial tha¬ 
lamic nucleus and thence to the lateroposterior quad¬ 
rant of the orbitofrontal cortex. Based on studies in 
monkeys, this newer system probably helps especially 
in the conscious analysis of odor. 

Thus, there appears to be a very old olfactory system 
that subserves the basic olfactory reflexes, an old sys¬ 
tem that provides automatic but learned control of 
food intake and aversion to toxic and unhealthy foods, 
and finally a newer system that is comparable to most 
of the other cortical sensory systems and is used for 
conscious perception of olfaction. 

Centrifugal Control of Activity in the Olfactory Bulb 
by the Central Nervous System. Many nerve fibers origi¬ 
nating in the olfactory portions of the brain pass in the back¬ 
ward direction in the olfactory tract to the olfactory bulb, 
that is, ''centrifugally" from the brain to the periphery. These 
terminate on a very large number of small granule cells lo¬ 
cated in the center of the bulb. These in turn send short, 
inhibitory dendrites to the mitral and tufted cells. It is be¬ 
lieved that this inhibitory feedback to the olfactory bulb 
might be a means of helping to sharpen one's specific capa¬ 
bility of distinguishing one odor from another. 

Electrical Activity in the Olfactory Nerves and Tracts. 
Electrophysiological studies show that the mitral and tufted 
cells are continually active, the same as is true for the olfac¬ 
tory receptors as discussed earlier. Superimposed on this 
background are increases or decreases in impulse traffic 


caused by different odors. Thus, the olfactory stimuli modu¬ 
late the frequency of impulses in the olfactory system and in 
this way transmit the olfactory information. 
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Motor Functions of the Spinal 
Cord; the Cord Reflexes 


In the discussion of the nervous system thus far, we 
have considered principally the input of sensory infor¬ 
mation. In the following chapters we discuss the origin 
and output of motor signals, the signals that cause 
muscle contraction, secretory function, and other 
motor effects throughout the body. 

Sensory information is integrated at all levels of the 
nervous system and causes appropriate motor re¬ 
sponses, beginning in the spinal cord with relatively 
simple reflexes, extending into the brain stem with still 
more complicated responses, and finally extending to 
the cerebrum, where the most complicated responses 
are controlled. 

In the present chapter we discuss the control of 
muscle function by the spinal cord. The spinal cord is 
not merely a conduit for sensory signals to the brain or 
for motor signals from the brain back to the periphery. 
In fact, without the special neuronal circuits of the 
cord, even the most fundamental motor control sys¬ 
tems in the brain cannot cause any purposeful muscle 
movement. To give an example, there is no neuronal 
circuit anywhere in the brain that causes the specific 
to-and-fro movement of the legs that is required in 
walking. Instead, the circuits for these movements are 
in the cord, and the brain simply sends command sig¬ 
nals to set into motion the walking process. Thus, 
under appropriate conditions, a cat or a dog with its 
cord transected in the neck can be made to walk. 

Yet let us not belittle the role of the brain as well, for 
the brain gives the sequential directions to the cord 
activities, to promote turning movements when they 
are required, to lean the body forward during accelera¬ 
tion, to change the movements from walking to jump¬ 
ing as needed, and to monitor continuously and 
control equilibrium. All of this is done through ''com¬ 
mand" signals from above. But it also requires the 
many neuronal circuits of the spinal cord that are 
themselves the objects of the commands. These cir¬ 
cuits in turn provide all but a small fraction of the direct 
control of the muscles. 


Experimental Preparations for Studying Cord Re¬ 
flexes—The Spinal Animal and the Decerebrate Animal. 
Two different types of experimental preparations have been 
especially useful in studying spinal cord function: (1) the 
spinal animal, in which the spinal cord is transected, fre¬ 
quently in the neck so that most of the cord still remains 
functional; and (2) the decerebrate animal, in which the brain 
stem is transected in the lower part of the mesencephalon. 

Immediately after preparing a spinal animal, most spinal 
cord function is severely depressed below the level of the 
transection. However, after a few hours in lower animals, 
and after a few days to weeks in monkeys, most of the intrin¬ 
sic spinal cord functions return nearly to normal and provide 
a suitable experimental preparation for study. 

In the decerebrate animal the brain stem is transected at the 
lower mesencephalic level, which blocks the normal inhibi¬ 
tory signals from the higher control centers of the brain to the 
pontile reticular and vestibular nuclei. This causes these nu¬ 
clei to become tonically active, transmitting facilitatory sig¬ 
nals to most of the spinal cord motor control circuits. The 
result is that these become easy to activate by even the 
slightest sensory input signals to the cord. Using this prepa¬ 
ration, one can study very easily the intrinsic motor functions 
of the cord itself. 


■ ORGAIVIZATIOIV OF THE 
SPIIVAL CORD FOR MOTOR 
FCIVCTIOIVS 

The cord gray matter is the integrative area for the cord 
reflexes and other motor functions. Figure 16-1 shows 
the typical organization of the cord gray matter in a 
single cord segment. Sensory signals enter the cord 
almost entirely through the sensory (posterior) roots. 
After entering the cord, every sensory signal travels to 
two separate destinations. First, one branch of the sen¬ 
sory nerve terminates in the gray matter of the cord 
and elicits local segmental reflexes and other effects. 
Second, another branch transmits signals to higher 
levels of the nervous system — to higher levels in the 
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Figure 16-1. Connections of the sensory fibers and cortico¬ 
spinal fibers with the interneurons and anterior motor neurons of 
the spinal cord. 


cord itself, to the brain stem, or even to the cerebral 
cortex, as described in earlier chapters. 

Each segment of the spinal cord has several million 
neurons in its gray matter. Aside from the sensory 
relay neurons discussed in Chapters 9 and 10, the re¬ 
mainder of these neurons are of two separate types, the 
anterior motor neurons and the interneurons. 

The Anterior Motor Neurons. Located in each seg¬ 
ment of the anterior horns of the cord gray matter are 
several thousand neurons that are 50 to 100 per cent 
larger than most of the others and called anterior motor 
neurons. These give rise to the nerve fibers that leave 
the cord via the anterior roots and innervate the skele¬ 
tal muscle fibers. The neurons are of two types, the 
alpha motor neurons and the gamma motor neurons. 

The Alpha Motor Neurons. The alpha motor neu¬ 
rons give rise to large type A alpha (Aa) nerve fibers 
ranging from 9 to 20 pm in diameter that innervate the 
large skeletal muscle fibers. Stimulation of a single 
nerve fiber excites from as few as three to as many as 
several hundred skeletal muscle fibers, which are col¬ 
lectively called the motor unit. Transmission of nerve 
impulses into skeletal muscles and their stimulation of 
the muscles are discussed in Chapters 24 and 25. 

The Gamma Motor Neurons. In addition to the 
alpha motor neurons that excite contraction of the 
skeletal muscle fibers, about one half as many much 
smaller gamma motor neurons are located along with 
the alpha motor neurons in the anterior horns. These 
transmit impulses through type A gamma (Ay) fibers, 
averaging 5 pm in diameter, to very small, special skel¬ 
etal muscle fibers called intrafusal fibers. These are part 
of the muscle spindle, which is discussed later in the 
chapter. 

The Interneurons. Intemeurons are present in all 
areas of the cord gray matter—in the dorsal horns, in 
the anterior horns, and in the intermediate areas 
between these two. These cells are numerous— 
approximately 30 times as numerous as the anterior 


motor neurons. They are small and highly excitable, 
often exhibiting spontaneous activity and capable of 
firing as rapidly as 1500 times per second. They have 
many interconnections, and many of them directly 
innervate the anterior motor neurons as illustrated 
in Figure 16-1. The interconnections among the in¬ 
terneurons and anterior motor neurons are respon¬ 
sible for many of the integrative functions of the spi¬ 
nal cord that are discussed in the remainder of this 
chapter. 

Essentially all the different types of neuronal circuits 
described in Chapter 8 are found in the intemeuron 
pool of cells of the spinal cord, including the diverging, 
converging, and repetitive-discharge circuits. In this 
chapter we see many applications of these different 
circuits to the performance of specific reflex acts by the 
spinal cord. 

Only a few incoming sensory signals from the spinal 
nerves or signals from the brain terminate directly on 
the anterior motor neurons. Instead, most of them are 
transmitted first through intemeurons, where they are 
appropriately processed. Thus, in Figure 16-1, it is 
shown that the corticospinal tract terminates almost 
entirely on intemeurons, and it is only after the signals 
from this tract have been integrated in the intemeuron 
pool with signals from other spinal tracts or from the 
spinal nerves that they finally impinge on the anterior 
motor neurons to control muscular function. 

The Renshaw Cell Inhibitory System. Located also in 
the ventral horns of the spinal cord in close association with 
the motor neurons are a large number of small intemeurons 
called Renshaw cells. Almost immediately after the axon 
leaves the body of the anterior motor neuron, collateral 
branches from the axon pass to the adjacent Renshaw cells. 
These in turn are inhibitory cells that transmit inhibitory 
signals to the nearby motor neurons. Thus, stimulation of 
each motor neuron tends to inhibit the surrounding motor 
neurons, an effect called recurrent inhibition. This effect is 
probably important for the following major reason: 

It shows that the motor system utilizes the principle of 
lateral inhibition to focus, or sharpen, its signals in the same 
way that the sensory system utilizes this principle—that is, 
to allow unabated transmission of the primary signal while 
suppressing the tendency for signals to spread to adjacent 
neurons. 


3WLTISEGIIiEi\TAL CO\i\ECTiO\S E\ THE 
SPIRAL CORD — THE PROPRMOSPLXAL 
FIBERS 

More than half of all the nerve fibers ascending and descend¬ 
ing in the spinal cord are propriospinal fibers. These are fibers 
that run from one segment of the cord to another. In addi¬ 
tion, the sensory fibers as they enter the cord branch both up 
and down the spinal cord, some of the branches transmitting 
signals only a segment or two in each direction whereas 
others transmit signals many segments. These ascending and 
descending fibers of the cord provide pathways for the mul- 
tisegmental reflexes that are described later in this chapter, 
including reflexes that coordinate simultaneous movements 
in the forelimbs and hindlimbs. 
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B THE MUSCLE RECEPTORS- 

MUSCLE SPIi\DLES AIVD 
GOLGI TEIVDOIV ORGAIVS — 

AIVD THEIR ROLES Ii\ 

MUSCLE COIVTROL 

Proper control of muscle function requires not only 
excitation of the muscle by the anterior motor neurons 
but also continuous feedback of information from each 
muscle to the nervous system, giving the status of the 
muscle at each instant. That is, what is the length of the 
muscle, what is its instantaneous tension, and how 
rapidly is its length or tension changing? To provide 
this information, the muscles and their tendons are 

I supplied abundantly with two special types of sensory 
receptors: (1) muscle spindles, which are distributed 
throughout the belly of the muscle and send informa¬ 
tion to the nervous system about either the muscle 
length or the rate of change of its length; and (2) Golgi 
tendon organs, which are located in the muscle tendons 
and transmit information about tension or the rate of 
change of tension. 

The signals from these two receptors are either en¬ 
tirely or almost entirely for the purpose of muscle con¬ 
trol itself, because they operate almost entirely at a 
subconscious level. Even so, they transmit tremendous 
amounts of information into the spinal cord, the cere¬ 
bellum, and even the cerebral cortex, helping each of 
these portions of the nervous system in its function for 
controlling muscle contraction. 

RECEPTOR FVDlCTMOiX OF THE 
MUSCLE SPiiXDLE 

Structure and Innervation of the Muscle Spindle. 
The physiologic organization of the muscle spindle is 
illustrated in Figure 16-2. Each spindle is built around 
3 to 12 small intrafusal muscle fibers that are pointed at 
their ends and that are attached to the glycocalyx of the 
surrounding extrafusal skeletal muscle fibers. Each in- 
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Fiji^re 16 — 2. Tlie muscle spindle, showing its relationship to 
the large extrafusal skeletal muscle fibers. Note also both the 
motor and the sensory innervation of the muscle spindle. 


trafusal fiber is a very small skeletal muscle fiber. 
However, the central region of each of these fibers — 
that is, the area midway between its two ends—has 
either no or few actin and myosin filaments. Therefore, 
this central portion does not contract when the ends 
do. Instead, it functions as a sensory receptor, as we 
describe later. The end portions are excited by the 
small gamma motor nerve fibers originating from the 
gamma motor neurons that were described earlier. 
These fibers are frequently also called gamma efferent 
fibers, in contradistinction to the alpha efferent fibers 
that innervate the extrafusal skeletal muscle. 

Excitation of the Spindle Receptors. The receptor 
portion of the muscle spindle is its central portion, 
where the intrafusal muscle fibers have no contractile 
elements. As illustrated in Figure 16-2, and also in 
more detail in Figure 16-3, sensory fibers originate in 
this area, and these are stimulated by stretching of this 
midportion of the spindle. One can readily see that the 
muscle spindle receptor can be excited in two different 
ways: 

1. Lengthening the whole muscle will obviously 
stretch the midportion of the spindle and therefore 
excite the receptor. 

2. Even if the length of the entire muscle does not 
change, contraction of the end portions of the intrafu¬ 
sal fibers will also stretch the midportions of the spin¬ 
dle fibers and therefore excite the receptor. 

Two types of sensory endings are found in the re¬ 
ceptor area of the muscle spindle. These are: 

The Primary Ending. In the very center of the re¬ 
ceptor area a large sensory fiber encircles the central 
portion of each intrafusal fiber, forming the so-called 
primary ending or annulospiral ending. This nerve fiber 
is a type la fiber averaging 17 /^m in diameter, and it 
transmits sensory signals to the spinal cord at a velocity 
of 70 to 120 m/sec, as rapidly as any type of sensory 
nerve fiber in the entire body. 

The Secondary Ending. Usually one but sometimes 
two smaller sensory nerve fibers, type II fibers with an 
average diameter of 8 fim, innervate the receptor re¬ 
gion on one side of the primary ending, as illustrated in 
Figures 16-2 and 16-3. This sensory ending is called 
the secondary ending, or sometimes the flower spray 
ending, because in some preparations it looks like a 
flower spray even though it mainly encircles the intra¬ 
fusal fibers in the same way that the type la fiber does. 

Division of the Intrafusal Fibers Into Nuclear Bag 
and Nuclear Chain Fibers — Dynamic and Static 
Responses of the Muscle Spindle. There are also two 
different types of intrafusal fibers: (1) nuclear bag fibers 
(one to three in each spindle), in which a large number 
of nuclei are congregated into an expanded bag in the 
central portion of the receptor area as shown by the top 
fiber in Figure 16-3; and (2) nuclear chain fibers (three 
to nine), which are about half as large in diameter and 
half as long as the nuclear bag fibers and have nuclei 
aligned in a chain throughout the receptor area/ as 
illustrated by the bottom fiber in the figure. The pri¬ 
mary ending innervates both the nuclear bag intrafusal 
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Fi^re 16-3. Details of nerve connections to the nuclear bag 
and nuclear chain muscle spindle fibers. (Modified from Stein: 
Physiol. Rev., 54:225,1974, and Boyd: Philios. Trans. R. Soc. bond. 
(Biol Sci.], 245:81, 1962.) 


fibers and the nuclear chain fibers. On the other hand, 
the secondary ending usually innervates only the nu¬ 
clear chain fibers. These relationships are all illustrated 
in Figure 16-3. 

Response of Both the Primary and the Secondary 
Endings to the Length of the Receptor — The "Static" 
Response, When the receptor portion of the muscle 
spindle is stretched slowly, the number of impulses 
transmitted from both the primary and the secondary 
endings increases almost directly in proportion to the 
degree of stretching, and the endings continue to 
transmit these impulses for many minutes. This effect 
is called the static response of the spindle receptor, 
meaning simply that both the primary and the second¬ 
ary endings continue to transmit their signals for as 
long as the receptor itself remains stretched. Because 
only the nuclear chain type of intrafusal fiber is inner¬ 
vated by both the primary and the secondary endings, 
it is believed that these nuclear chain fibers are respon¬ 
sible for the static response. 

Response of the Primary Ending (but Not the Sec¬ 
ondary Ending) to the Rate of Change of Receptor 
Length — The "Dynamic" Response. When the length 
of the spindle receptor increases suddenly, the primary 
ending (but not the secondary ending) is stimulated 
especially powerfully, much more powerfully than the 
stimulus caused by the static response. This excess 
stimulus of the primary ending is called the dynamic 
response, which means that the primary ending re¬ 
sponds extremely actively to a rapid rate of change in 
length. When the length of a spindle receptor increases 
only a fraction of a micrometer, if this increase occurs 
in a fraction of a second, the primary receptor trans¬ 
mits tremendous numbers of excess impulses into the 
la fiber, but only while the length is actually increasing. 
As soon as the length has stopped increasing, the rate 
of impulse discharge returns back to the level of the 
much smaller static response that is still present in the 
signal. 

Conversely, when the spindle receptor shortens, 
this change momentarily decreases the impulse output 
from the primary ending; then, as soon as the receptor 
area has reached its new shortened length, the im¬ 
pulses reappear in the la fiber within a fraction of a 
second. Thus, the primary ending sends extremely 
strong signals to the central nervous system to apprise 
it of any change in length of the spindle receptor area. 

Because only the primary endings transmit the dy¬ 
namic response and the nuclear bag intrafusal fibers 


have only primary endings, it is assumed that the nu¬ 
clear bag fibers are responsible for the powerful dy¬ 
namic response. 

Control of the Static and Dynamic Responses by 
the Gamma Motor Nerves. The gamma motor nerves 
to the muscle spindle can be divided into two different 
types: gamma-dynamic (gamma-d) and gamma-static 
(gamma-s). The first of these excites mainly the nu¬ 
clear bag intrafusal fibers, and the second mainly the 
nuclear chain intrafusal fibers. When the gamma-d 
fibers excite the nuclear bag fibers, the dynamic re¬ 
sponse of the muscle spindle becomes tremendously 
enhanced, whereas the static response is hardly af¬ 
fected. On the other hand, stimulation of the gamma-s 
fibers, which excite the nuclear chain fibers, enhances 
the static response while having little influence on the 
dynamic response. We shall see in subsequent para¬ 
graphs that these two different types of responses of 
the muscle spindle are exceedingly important in dif¬ 
ferent types of muscle control. 

Continuous Discharge of the Muscle Spindles 
Under Normal Conditions. Normally, particularly 
when there is a slight amount of gamma motor excita¬ 
tion, the muscle spindles emit sensory nerve impulses 
continuously. Stretching the muscle spindles increases 
the rate of firing, while shortening the spindle de¬ 
creases this rate of firing. Thus, either the spindles can 
send positive signals to the spinal cord — that is, in¬ 
creased numbers of impulses to indicate increased 
stretch of a muscle—or they can send negative sig¬ 
nals — decreased numbers of impulses below the nor¬ 
mal level — to indicate that the muscle is actually being 
unstretched. 


THE 3nJSCLE STRETCH REFLEX 
(ALSO CALLED HYOTATIC REFLEX) 

The simplest manifestation of muscle spindle function 
is the muscle stretch reflex —that is, whenever a muscle 
is stretched, excitation of the spindles causes reflex 
contraction of the large skeletal muscle fibers that lie 
around the spindles. 

Neuronal Circuitry of the Stretch Reflex. Figure 
16-4 illustrates the basic circuit of the muscle spindle 
stretch reflex, showing a type la nerve fiber originating 
in a muscle spindle and entering the dorsal root of the 
spinal cord. Then, in contrast to most other nerv^e fibers 
entering the cord, one branch of it passes directly to the 
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Fijj^re 16-4. Neuronal circuit of the stretch reflex. 


anterior horn of the cord gray matter and synapses 
directly with anterior motor neurons that send nerve 
fibers back to the same muscle whence the muscle 
spindle fiber originated. Thus, this is a monosynaptic 
pathway that allows a reflex signal to return with the 
shortest possible delay back to the same muscle after 
excitation of the spindle. 

Some of the type II fibers from the secondary spindle 
endings also terminate monosynaptically with the an¬ 
terior motor neurons. However, most of the type II 
fibers (as well as many collaterals from the la fibers 
from the primary endings) terminate on multiple in- 
temeurons in the cord gray matter, and these in turn 
transmit more delayed signals to the anterior motor 
neurons and also serve other functions. 

The Dynamic Stretch Reflex Versus the Static 
Stretch Reflex. The stretch reflex can be divided into 
two separate components called respectively the dy¬ 
namic stretch reflex and the static stretch reflex. The 
dynamic stretch reflex is elicited by the potent dynamic 
signal transmitted from the primary endings of the 
muscle spindles. That is, when a muscle is suddenly 
stretched, a strong signal is transmitted to the spinal 
cord, and this causes an instantaneous, very strong 
reflex contraction of the same muscle from which the 
signal originated. Thus, the reflex functions to oppose 
sudden changes in the length of the muscle, because 
the muscle contraction opposes the stretch. 

The dynamic stretch reflex is over within a fraction 
of a second after the muscle has been stretched to its 
new length, but then a weaker static stretch reflex con¬ 
tinues for a prolonged period of time thereafter. This 
reflex is elicited by the continuous static receptor sig¬ 
nals transmitted by both the primary and secondary 
endings. The importance of the static stretch reflex is 
that it continues to cause muscle contraction as long as 
the muscle is maintained at excessive length. The mus¬ 
cle contraction in turn opposes the force that is causing 
the excess length. 

The Negative Stretch Reflex. When a muscle is 
suddenly shortened, exactly opposite effects occur be¬ 
cause of negative signals from the spindles. If the mus¬ 
cle is already taut, any sudden release of the load on 


the muscle that allows it to shorten will elicit both 
dynamic and static reflex muscle inhibition rather than 
reflex excitation. Thus, this negative stretch reflex op¬ 
poses the shortening of the muscle in the same way 
that the positive stretch reflex opposes lengthening of 
the muscle. Therefore, one can begin to see that the 
stretch reflex tends to maintain the status quo for the 
length of a muscle. 

The Damping Function of the Dynamic and Static 
Stretch Reflexes. An especially important function of 
the stretch reflex is its ability to prevent some types of 
oscillation and jerkiness of the body movements. This 
is a damping, or smoothing, function. An example is the 
following: 

Use of the Damping Mechanism in Smoothing 
Muscle Contraction, Occasionally, signals from other 
parts of the nervous system are transmitted to a muscle 
in a very unsmooth form, increasing in intensity for a 
few milliseconds, then decreasing in intensity, then 
changing to another intensity level, and so forth. 
When the muscle spindle apparatus is not functioning 
satisfactorily, the muscle contraction is very jerky dur¬ 
ing the course of such a signal. This effect is illustrated 
in Figure 16-5, which shows an experiment in which a 
sensory nerve signal entering one side of the cord is 
transmitted to a motor nerve on the other side of the 
cord to excite a muscle. In curve A the muscle spindle 
reflex of the excited muscle is intact. Note that the 
contraction is relatively smooth even though the sen¬ 
sory nerve is excited at a very slow frequency of 8/sec. 
Curve B, on the other hand, is the same experiment in 
an animal whose muscle spindle sensory nerves from 
the muscle had been sectioned 3 months earlier. Note 
the very unsmooth muscle contraction. Thus, curve A 
illustrates very graphically the ability of the damping 
mechanism of the muscle spindle to smooth muscle 
contractions even though the input signals to the mus¬ 
cle motor system may themselves be very jerky. This 
effect can also be called a signal averaging function of 
the muscle spindle reflex. 



Figure 16 — 5. Muscle contraction caused by a spinal cord signal 
under two difTerenl conditions: A, in a normal muscle, and B, in a 
muscle whose muscle spindles had been denervated by section of 
the posterior roots of the cord 82 days previously. Note the 
smoothing effect of the muscle spindle reflex in A. (Modified from 
Creed, et al.: Reflex Activity of the Spinal Cord. New York, Oxford 
University Press, 1932.) 
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ROLE OF THE HVSCLE SPLXDLE L\ 
VOLVXTARV MOTOR ACTIVITV 

To emphasize the importance of the gamma efferent 
system, one needs to recognize that 31 per cent of all 
the motor nerve fibers to the muscle are gamma effer¬ 
ent fibers rather than large, type A alpha motor fibers. 
Whenever signals are transmitted from the motor cor¬ 
tex or from any other area of the brain to the alpha 
motor neurons, almost always the gamma motor neu¬ 
rons are stimulated simultaneously, an effect called 
coactivation of the alpha and gamma motor neurons. 
This causes both the extrafusal and the intrafusal mus¬ 
cle fibers to contract at the same time. 

The purpose of contracting the muscle spindle fibers 
at the same time that the large skeletal muscle fibers 
contract is probably twofold: First, it keeps the length 
of the receptor portion of the muscle spindle from 
changing and therefore keeps the muscle spindle from 
opposing the muscle contraction. Second, it maintains 
proper damping function of the muscle spindle regard¬ 
less of change in muscle length. For instance, if the 
muscle spindle should not contract and relax along 
with the large muscle fibers, the receptor portion of the 
spindle would sometimes be flail and at other times be 
overstretched, in neither instance operating under op¬ 
timal conditions for spindle function. 


Possible Servo-Assist** Function of the 
Muscle Spindle Reflex 

It is possible that the muscle spindle reflex also functions as a 
"servo-assist" mechanism during muscle contraction. But, 
first, let us explain what is meant by "servo-assist mecha¬ 
nism." 

When both the alpha and gamma motor neurons are stim¬ 
ulated simultaneously, if the intra- and extrafusal fibers con¬ 
tract equal amounts, the degree of stimulation of the muscle 
spindles will not change at all—neither increase nor de¬ 
crease. However, in case the extrafusal muscle fibers should 
contract less than the intrafusal fibers (as might occur when 
the muscle is contracting against a great load), this mismatch 
would stretch the receptor portions of the spindles and, 
therefore, elicit a stretch reflex that would provide extra exci¬ 
tation of the extrafusal fibers. This is exactly the same mech¬ 
anism employed by power steering in an automobile. That is, 
if the front wheels are resistant to following the movement of 
the steering wheel, a serv'o-assist device becomes activated 
that applies additional force to turn the wheels. 

A servo-assist function of the muscle spindle reflex could 
have several important advantages, as follows: 

1. It could allow the brain to cause a muscle contraction 
against a load without the brain having to expend much 
extra nerv'ous energy—instead, the spindle reflex would 
provide most of the nervous energy. 

2. It could make the muscle contract almost the desired 
length even when the load is increased or decreased betw^een 
successive contractions. In other words, it would make the 
length of contraction less load-sensitive. 

3. It could compensate for fatigue or other abnormalities 
of the musL itself, because any failure of the muscle to 
provide the y oer contraction would elicit an additional 
muscle spindle i flex stimulus to make the contraction occur. 


But, unfortunately, we still do not know how important 
this possible function of the muscle spindle reflex actually is. 

Brain Areas for Control of the Gamma 
Efferent System 

The gamma efferent system is excited by the same signals 
that excite the alpha motor neurons and also by signals from 
the bulboreticular facilitatory region of the brain stem, and 
secondarily by impulses transmitted into the bulboreticular 
area from (a) the cerebellum, (b) the basal ganglia, and even (c) 
the cerebral cortex. Unfortunately, though, little is known 
about the precise mechanisms of control of the gamma effer¬ 
ent system. However, since the bulboreticular facilitatory 
area is particularly concerned with antigravity contractions, 
and also because the antigravity muscles have an especially 
high density of muscle spindles, emphasis is given to the 
possible or probable importance of the gamma efferent 
mechanism in controlling muscle contraction for positioning 
the different parts of the body and for damping the move¬ 
ments of the different parts. 


CLIMCAL APPUCATIOXS OF THE 
STRETCH REFLEX 

The stretch reflex is tested by the clinician almost every time 
he performs a physical examination. His purpose is to deter¬ 
mine how much background excitation, or "tone," the brain 
is sending to the spinal cord. This reflex is elicited as follows: 

The Knee Jerk and Other Muscle Jerks. Clinically, a 
method used to determine the sensitivity of the stretch re¬ 
flexes is to elicit the knee jerk and other muscle jerks. The 
knee jerk can be elicited by simply striking the patellar ten¬ 
don with a reflex hammer; this stretches the quadriceps 
muscle and initiates a dynamic stretch reflex that in turn 
causes the lower leg to jerk forward. The upper part of Figure 
16-6 illustrates a myogram from the quadriceps muscle re¬ 
corded during a knee jerk. 

Similar reflexes can be obtained from almost any muscle of 
the body either by striking the tendon of the muscle or by 
striking the belly of the muscle itself. In other words, sudden 
stretch of muscle spindles is all that is required to elicit a 
stretch reflex. 



Figure 16 — 6. Myograms recorded from the quadriceps muscle 
during elicitation of the knee jerk and from the gastrocnemius 
muscle during ankle clonus. 
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The muscle jerks are used by neurologists to assess the 
degree of facilitation of spinal cord centers. When large num¬ 
bers of facilitatory impulses are being transmitted from the 
upper regions of the central nervous system into the cord, the 
muscle jerks are greatly exacerbated. On the other hand, if 
the facilitatory impulses are depressed or abrogated, the 
muscle jerks are considerably weakened or completely ab¬ 
sent. These reflexes are used most frequently in determining 
the presence or absence of muscle spasticity following le¬ 
sions in the motor areas of the brain or muscle spasticity in 
diseases that excite the bulboreticular facilitatory area of the 
brain stem. Ordinarily, large lesions in the contralateral 
motor areas of the cerebral cortex, especially those caused by 
strokes or brain tumors, cause greatly exacerbated muscle 
jerks. 

Clonus. Under appropriate conditions, the muscle jerks 
can oscillate, a phenomenon called clonus (see lower myo¬ 
gram, Fig. 16-6). Oscillation can be explained particularly 
well in relation to ankle clonus, as follows: 

If a man standing on his tiptoes suddenly drops his body 
downward to stretch one of the gastrocnemius muscles, im¬ 
pulses are transmitted from the muscle spindles into the spi¬ 
nal cord. These reflexly excite the stretched muscle, which 
lifts the body back up again. After a fraction of a second, the 
reflex contraction of the muscle dies out and the body falls 
again, thus stretching the spindles a second time. Again a 
dynamic stretch reflex lifts the body, but this too dies out 
after a fraction of a second, and the body falls once more to 
elicit still a new cycle. In this way, the stretch reflex of the 
gastrocnemius muscle continues to oscillate, often for long 
periods of time; this is clonus. 

Clonus ordinarily occurs only if the stretch reflex is highly 
sensitized by facilitatory impulses from the brain. For in¬ 
stance, in the decerebrate animal, in which the stretch re¬ 
flexes are highly facilitated, clonus develops readily. There¬ 
fore, to determine the degree of facilitation of the spinal cord, 
neurologists test patients for clonus by suddenly stretching a 
muscle and keeping a steady stretching force applied to the 
muscle. If clonus occurs, the degree of facilitation is certain to 
be very high. 


THE GOLGI TEIVDOIM REFLEX 

The Golgi Tendon Organ and Its Excitation. The 
Golgi tendon organ, illustrated in Figure 16-7, is an 
encapsulated sensory receptor through which a small 
bundle of muscle tendon fibers pass immediately 
beyond their point of fusion with the muscle fibers. An 
average of 10 to 15 muscle fibers is usually connected 
in series with each Golgi tendon organ, and the organ 



is stimulated by the tension produced by this small 
bundle of muscle fibers. Thus, the major difference 
between the function of the Golgi tendon organ and 
the muscle spindle is that the spindle detects muscle 
length and changes in muscle length, while the tendon 
organ detects muscle tension. 

The tendon organ, like the primary receptor of the 
muscle spindle, has both a dynamic response and a 
static response, responding very intensely when the 
muscle tension suddenly increases (the dynamic re¬ 
sponse) but within a small fraction of a second settling 
down to a lower level of steady-state firing that is 
almost directly proportional to the muscle tension (the 
static response). Thus, the Golgi tendon organs pro¬ 
vide the nervous system with instantaneous informa¬ 
tion on the degree of tension in each small segment of 
each muscle. 

Transmission of Impulses from the Tendon 
Organ Into the Central Nervous System. Signals 
from the tendon organ are transmitted through large, 
rapidly conducting type lb nerve fibers averaging 16 
//m in diameter, only slightly smaller than those from 
the primary ending of the muscle spindle. These fi¬ 
bers, like those from the primary endings, transmit 
signals both into local areas of the cord and through 
long fiber pathways such as the spinocerebellar tracts 
into the cerebellum and through still other tracts to 
the cerebral cortex. The local cord signal excites a sin¬ 
gle inhibitory interneuron that in turn inhibits the 
anterior motor neuron. This local circuit directly inhib¬ 
its the individual muscle without affecting adjacent 
muscles. The signals to the brain are discussed in 
Chapter 18. 

Inhibitory Xature of the Tendon Reflex 
and Its Importance 

When the Golgi tendon organs of a muscle are stimu¬ 
lated by increased muscle tension, signals are transmit¬ 
ted into the spinal cord to cause reflex effects in the 
respective muscle. However, this reflex is entirely in¬ 
hibitory, the exact opposite of the muscle spindle re¬ 
flex. Thus, this reflex provides a negative feedback 
mechanism that prevents the development of too 
much tension on the muscle. 

When tension on the muscle and, therefore, on the 
tendon becomes extreme, the inhibitory effect from 
the tendon organ can be so great that it leads to a 
sudden reaction in the spinal cord and instantaneous 
relaxation of the entire muscle. This effect is called the 
lengthening reaction; it is possibly or even probably a 
protective mechanism to prevent tearing of the muscle 
or avulsion of the tendon from its attachments to the 
bone. We know, for instance, that direct electrical stim¬ 
ulation of muscles in the laboratory, which cannot be 
opposed by this negative reflex, can frequently cause 
such destructive effects. 

Possible Role of the Tendon Reflex to Equalize 
Contractile Force Among the Muscle Fibers. An¬ 
other likely function of the Golgi tendon reflex is to 
equalize the contractile forces of the separate muscle 
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fibers. That is, those fibers that exert excess tension 
become inhibited by the reflex while those that exert 
too little tension become more excited because of ab¬ 
sence of reflex inhibition. Obviously this would spread 
the muscle load over all the fibers and especially would 
prevent local muscle damage where small numbers of 
fibers would be overloaded. 


FVi\CTiOi\ OF THE MUSCLE SPiMDLES 
AND GOLGI TENDON ORGANS IN 
CONJUNCTION WITH MOTOR 
CONTROL FROM HIGHER LEVELS OF 
THE DRAIN 

Although we have emphasized the function of the 
muscle spindles and Golgi tendon organs in spinal 
cord control of motor function, these two sensory 
organs also apprise the higher motor control centers of 
instantaneous changes taking place in the muscles. For 
instance, the dorsal spinocerebellar tracts carry instan¬ 
taneous information from both the muscle spindles 
and the Golgi tendon organs directly to the cerebellum 
at conduction velocities approaching 120 m/sec. Ad¬ 
ditional pathways transmit similar information into 
the reticular regions of the brain stem and also all the 
way to the motor areas of the cerebral cortex. We shall 
learn in the following two chapters that information 
from these receptors is crucial for feedback control of 
motor signals originating in all of these areas. 


■ THE FLEXOR REFLEX (THE 
WITHDRAWAL REFLEXES) 

In the spinal or decerebrate animal, almost any type of 
cutaneous sensory stimulus on a limb is likely to cause 
the flexor muscles of the limb to contract, thereby 
withdrawing the limb from the stimulus. This is called 
the flexor reflex. 

In its classic form the flexor reflex is elicited most 
powerfully by stimulation of pain endings, such as by a 
pinprick, heat, or some other painful stimulus, for 
which reason it is also frequently called a nociceptive 
reflex, or simply pain reflex. However, stimulation of 
the touch receptors can also elicit a weaker and less 
prolonged flexor reflex. 

If some part of the body besides one of the limbs is 
painfully stimulated, this part, in a similar manner, will 
be withdrawn from the stimulus, but the reflex may not 
be confined entirely to flexor muscles even though it is 
basically the same type of reflex. Therefore, the many 
patterns of reflexes of this type in the different areas of 
the body are called the withdrawal reflexes. 

Neuronal Mechanism of the Flexor Reflex. The 
left-hand portion of Figure 16-8 illustrates the neuro¬ 
nal pathways for the flexor reflex. In this instance, a 
painful stimulus is applied to the hand; as a result, the 
flexor muscles of the upper arm become reflexly ex¬ 
cited, thus withdrawing the hand from the painful 
stimulus. 


Reciprocal Inhibition 


Excited Excited 



Flexor Crossed Extensor 

reflex Reflex 

Fifi^ure 16-8. The flexor reflex, the crossed extensor reflex, and 
reciprocal inhibition. 


The pathways for eliciting the flexor reflex do not 
pass directly to the anterior motor neurons but, in¬ 
stead, pass first into the intemeuron pool of neurons 
and then to the motor neurons. The shortest possible 
circuit is a three- or four-neuron arc; however, most of 
the signals of the reflex traverse many more neurons 
than this and involve the following basic types of cir¬ 
cuits: (1) diverging circuits to spread the reflex to the 
necessary muscles for withdrawal, (2) circuits to inhibit 
the antagonist muscles, called reciprocal inhibition cir¬ 
cuits, and (3) circuits to cause a prolonged repetitive 
afterdischarge even after the stimulus is over. 

Figure 16-9 illustrates a typical myogram from a 
flexor muscle during a flexor reflex. Within a few milli¬ 
seconds after a pain nerve begins to be stimulated, the 
flexor response appears. Then, in the next few seconds 
the reflex begins to fatigue, which is characteristic of 
essentially all of the more complex integrative reflexes 
of the spinal cord. Then, soon after the stimulus is over, 
the contraction of the muscle begins to return toward 



Figure 16 — 9. Myogram of the flexor reflex, showing rapid onset 
of the reflex, an interval of fatigue, and finally afterdischarge after 
the stimulus is over. 
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the base line, but, because of afterdischarge, will not 
return all the way for many milliseconds. The duration 
of the afterdischarge depends on the intensity of the 
sensory stimulus that had elicited the reflex; a weak 
tactile stimulus causes almost no afterdischarge in 
contrast to an afterdischarge lasting for a second or 
more following a very strong pain stimulus. 

The afterdischarge that occurs in the flexor reflex 
almost certainly results from both types of repetitive- 
discharge circuits that were discussed in Chapter 8. 
Electrophysiological studies indicate that the immedi¬ 
ate afterdischarge, lasting for about 6 to 8 msec, results 
from repetitive firing of the excited intemeurons 
themselves. However, the prolonged afterdischarge 
that occurs following strong pain stimuli almost cer¬ 
tainly results from recurrent pathways that excite re¬ 
verberating intemeuron circuits, these transmitting 
impulses to the anterior motor neurons sometimes for 
several seconds after the incoming sensory signal is 
completely over. 

Thus, the flexor reflex is appropriately organized to 
withdraw a pained or otherwise irritated part of the 
body away from the stimulus. Furthermore, because of 
the afterdischarge, the reflex can still hold the irritated 
part away from the stimulus for as long as 1 to 3 sec 
after the irritation is over. During this time, other re¬ 
flexes and actions of the central nervous system can 
move the entire body away from the painful stimulus. 

The Pattern of Withdrawal. The pattern of with¬ 
drawal that results when the flexor reflex (or the many 
other types of withdrawal reflexes) is elicited depends 
on the sensory nerve that is stimulated. Thus, a painful 
stimulus on the inside of the arm not only elicits a 
flexor reflex in the arm but also contracts the abductor 
muscles to pull the arm outward. In other words, the 
integrative centers of the cord cause those muscles to 
contract that can most effectively remove the pained 
part of the body from the object that causes pain. This 
same principle, which is called the principle of "local 
sign," applies to any part of the body but especially to 
the limbs, because they have highly developed flexor 
reflexes. 


■ THE CROSSED EXTEIVSOR 
REFLEX 

Approximately 0.2 to 0.5 sec after a stimulus elicits a 
flexor reflex in one limb, the opposite limb begins to 
extend. This is called the crossed extensor reflex. Exten¬ 
sion of the opposite limb obviously can push the entire 
body away from the object causing the painful stim¬ 
ulus. 

Neuronal Mechanism of the Cross Extensor Re¬ 
flex. The right-hand portion of Figure 16-8 illustrates 
the neuronal circuit responsible for the crossed exten¬ 
sor reflex, showing that signals from the sensory 
nerves cross to the opposite side of the cord to cause 
reactions exactly opposite those that cause the flexor 
reflex. Because the crossed extensor reflex usually does 
not begin until 200 to 500 msec following the initial 



Figure 16 — 10. Myogram of a crossed extensor reflex, showing 
slow onset but prolonged afterdischarge. 


pain stimulus, it is certain that many intemeurons are 
involved in the circuit between the incoming sensory 
neuron and the motor neurons of the opposite side of 
the cord responsible for the crossed extension. Further¬ 
more, after the painful stimulus is removed, the 
crossed extensor reflex continues for an even longer 
period of afterdischarge than that for the flexor reflex. 
Therefore, again, it is presumed that this prolonged 
afterdischarge results from reverberatory circuits 
among the intemuncial cells. 

Figure 16-10 illustrates a typical myogram recorded 
from a muscle involved in a crossed extensor reflex. 
This shows the relatively long latency before the reflex 
begins and also the long afterdischarge following the 
end of the stimulus. The prolonged afterdischarge ob¬ 
viously would be of benefit in holding the body away 
from a painful object until other nervous reactions 
could cause the body to move away. 


■ RECIPROCAL Ii\HIBlT10i\ 

AiVD RECIPROCAL 
Ii\i\ERV^ATIO\ 

In the foregoing paragraphs we have pointed out sev¬ 
eral times that excitation of one group of muscles is 
usually associated with inhibition of another group. 
For instance, when a stretch reflex excites one muscle, 
it simultaneously inhibits the antagonist muscles. This 
is the phenomenon of reciprocal inhibition, and the 
neuronal circuit that causes this reciprocal relationship 
is called reciprocal innervation. Likewise, reciprocal re¬ 
lationships exist between the two sides of the cord, as 
exemplified by the flexor and extensor reflexes de¬ 
scribed above. 

Figure 16-11 illustrates a typical example of recip¬ 
rocal inhibition. In this instance, a moderate but pro¬ 
longed flexor reflex is elicited from one limb of the 
body; and while this reflex is still being elicited, a still 
stronger flexor reflex is elicited in the opposite limb. 
This reflex then sends reciprocal inhibitory signals to 
the first limb and depresses its degree of flexion. Fi¬ 
nally, removal of the stronger reflex allows the original 
reflex to reassume its previous intensity. 






20G VI ■ The Central Xerrous Syslem: C. Ilolar and Intef^rative Xeurophysiolof^' 



Figure 16-11. Myogram of a flexor reflex, illustrating recipro¬ 
cal inhibition caused by a stronger flexor reflex in the opposite 
limb. 


■ THE REFLEXES OF 

POSTURE AXD LOCOMOTIOX 

THE POSTVRAL Aj\D LOCOHOTIVE 
REFLEXES OF THE CORD 

The Positive Supportive Reaction. Pressure on the 
footpad of a decerebrate animal causes the limb to 
extend against the pressure being applied to the foot. 
Indeed, this reflex is so strong that an animal whose 
spinal cord has been transected for several months — 
that is, after the reflexes have become exacerbated— 
can often be placed on its feet, and the reflex will 
stiffen the limbs sufficiently to support the weight of 
the body—the animal will stand in a rigid position. 
This reflex is called the positive supportive reaction. 

The positive supportive reaction involves a complex 
circuit in the interneurons similar to those responsible 
for the flexor and the cross-extensor reflexes. The locus 
of the pressure on the pad of the foot determines the 
position to which the limb will extend; pressure on one 
side causes extension in that direction, an effect called 
the magnet reaction. This obviously helps keep an ani¬ 
mal from falling to that side. 

The Cord "Righting" Reflexes. When a spinal cat 
or even a well-recovered young spinal dog is laid on its 
side, it will make incoordinate movements that indi¬ 
cate that it is trying to raise itself to the standing posi¬ 
tion. This is called a cord righting reflex. Such a reflex 
illustrates that relatively complicated reflexes asso¬ 
ciated with posture are integrated in the spinal cord. 
Indeed, a puppy with a well-healed transected tho¬ 
racic cord between the level for the forelimbs and the 
hindlimbs can completely right itself from the lying 
position and can even walk on its hindlimbs. And, in 
the case of the opossum with a similar transection of 
the thoracic cord, the walking movements of the hind¬ 
limbs are hardly different from those in the normal 
opossum — except that the hindlimb movements are 
not synchronized with those of the forelimbs as is nor¬ 
mally the case. 

Stepping and Walking Hovements 

Rhythmic Stepping Movements of a Single Limb. 
Rhythmic stepping movements are frequently ob¬ 
served in the limbs of spinal animals. Indeed, even 


when the lumbar portion of the spinal cord is sepa¬ 
rated from the remainder of the cord and a longitu¬ 
dinal section is made down the center of the cord to 
block neuronal connections between the two limbs, 
each hindlimb can still perform individual stepping 
functions. Forward flexion of the limb is followed a 
second or so later by backward extension. Then flexion 
occurs again, and the cycle is repeated over and over. 

This oscillation back and forth between the flexor 
and extensor muscles can occur even after the sensory 
nerves have been cut, and it seems to result mainly 
from mutually reciprocal inhibition circuits that oscil¬ 
late between the agonist and antagonist muscles 
within the matrix of the cord itself. That is, the forward 
flexion of the limb is coincident with reciprocal inhibi¬ 
tion of the cord center controlling the extensor mus¬ 
cles. Then, as the flexion begins to die out, rebound 
excitation of the extensors causes the leg to move 
downward and backward, with simultaneous recipro¬ 
cal inhibition of the flexor muscles. And the oscillating 
cycle continues again and again. 

The sensory signals from the footpads and from the 
position sensors around the joints play a strong role in 
controlling foot pressure and rate of stepping when the 
foot is allowed to walk along a surface. In fact, the cord 
mechanism for control of stepping can be still more 
complex. For instance, if during the forward thrust of 
the foot the top of the foot encounters an obstruction, 
the forward thrust will stop temporarily, the foot will 
be lifted higher, and then the foot will proceed forward 
to be placed over the obstruction. Thus, the cord is an 
intelligent walking controller. 

Reciprocal Stepping of Opposite Limbs, If the 
lumbar spinal cord is not split down its center as noted 
above, every time stepping occurs in the forward direc¬ 
tion in one limb, the opposite limb ordinarily steps 
backward. This effect results from reciprocal innerva¬ 
tion between the two limbs. 

Diagonal Stepping of All Four Limbs — The 
"Mark Time" Reflex. If a well-healed spinal animal, 
with the spinal transection above the forelimb area 
of the cord, is held up from the floor and its legs 
are allowed to fall downward as illustrated in Figure 
16-12, the stretch on the limbs occasionally elicits 
stepping reflexes that involve all four limbs. In general, 
stepping occurs diagonally between the forelimbs and 
hindlimbs. This diagonal response is another manifes¬ 
tation of reciprocal innervation, this time occurring the 
entire distance up and down the cord between the 
forelimbs and hindlimbs. Such a walking pattern is 
called a mark time reflex. 

The Galloping Reflex. Another type of reflex that 
occasionally develops in the spinal animal is the gal¬ 
loping reflex, in which both forelimbs move backward 
in unison while both hindlimbs move forward. This 
often occurs when stretch or pressure stimuli are ap¬ 
plied almost exactly equally to opposite limbs at the 
same time, whereas unequal stimulation of one side 
versus the other elicits the diagonal walking reflex. 
This is in keeping with the normal patterns of walking 
and of galloping, for, in walking, only one limb at a 
time is stimulated, and this would predispose to con- 
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Figure 16-12. Diagonal stepping movements exhibited by a 
spinal animail. 


tinued walking. Conversely, when the animal strikes 
the ground during galloping, the limbs on both sides 
are stimulated approximately equally; this obviously 
would predispose to further galloping and, therefore, 
would continue this pattern of motion in contradis¬ 
tinction to the walking pattern. 


■ THE SCRATCH REFLEX 

An especially important cord reflex in some animals is the 
scratch reflex, which is initiated by the itch and tickle sensa¬ 
tion. It actually involves two different functions: (1) a position 
sense that allows the paw to find the exact point of irritation 
on the surface of the body, and (2) a to-and-fro scratching 
movement. 

Obviously, the to-and-fro movement, like the stepping 
movements of locomotion, involves reciprocal innervation 
circuits that cause oscillation, which can still function even 
when all the sensory roots from the oscillating limb are sec¬ 
tioned, as is true for basic walking movements. 

The position sense of the scratch reflex is a very highly 
developed function, for even though a flea might be crawl¬ 
ing as far forward as the shoulder of a spinal animal, the hind 
paw can often find its position even though 19 different 
muscles in the limb must be contracted simultaneously in a 
precise pattern to bring the paw to the position of the crawl¬ 
ing flea. To make the reflex even more complicated, when 
the flea crosses the midline, the first paw stops scratching, 
and the opposite paw begins the to-and-fro motion and 
eventually ^ds the flea. 


■ THE 8PIXAL CORD REFLEXES THAT 
CAC8E MUSCLE SPASM 

In human beings, local muscle spasm is often observed. The 
mechanism of this has not been elucidated to complete satis¬ 
faction even in experimental animals, but it is known that 
pain stimuli can cause reflex spasm of local muscles, which 
presumably is the cause of much if not most of the muscle 
spasm observed in localized regions of the human body. 

Muscle Spasm Resulting from a Broken Bone. One type 
of clinically important spasm occurs in muscles surrounding 
a broken bone. This seems to result from the pain impulses 


initiated from the broken edges of the bone, which cause the 
muscles surrounding the area to contract powerfully and 
tonically. Relief of the pain by injection of a local anesthetic 
relieves the spasm; a general anesthetic also relieves the 
spasm. One of these procedures is often necessary before 
the spasm can be overcome sufficiently for the two ends of 
the bone to be set back into appropriate positions. 

Abdominal Muscle Spasm in Peritonitis. Another type 
of local spasm caused by cord reflexes is the abdominal 
spasm resulting from irritation of the parietal peritoneum by 
peritonitis. Here, again, relief of the pain caused by the peri¬ 
tonitis allows the spastic muscle to relax. Almost the same 
type of spasm often occurs during surgical operations; pain 
impulses from the parietal peritoneum cause the abdominal 
muscles to contract extensively and sometimes actually to 
extrude the intestines through the surgical wound. For this 
reason deep surgical anesthesia is usually required for intra¬ 
abdominal operations. 

Muscle Cramps. Still another type of local spasm is the 
typical muscle cramp. Electromyographic studies indicate 
that the cause of at least some muscle cramps is the fol¬ 
lowing: 

Any local irritating factor or metabolic abnormality of a 
muscle—such as severe cold, lack of blood flow to the mus¬ 
cle, or overexercise of the muscle—can elicit pain or other 
types of sensory impulses that are transmitted from the mus¬ 
cle to the spinal cord, thus causing reflex muscle contraction. 
The contraction in turn stimulates the same sensory recep¬ 
tors still more, which causes the spinal cord to increase the 
intensity of contraction still further. Thus, a positive feed¬ 
back develops so that a small amount of initial irritation 
causes more and more contraction until a full-blown muscle 
cramp ensues. Reciprocal inhibition of the muscle can some¬ 
times relieve the cramp. That is, if a person purposefully 
contracts the muscle on the side of the joint opposite the 
cramped muscle while at the same time using the other hand 
or foot to prevent movement of the joint, the reciprocal inhi¬ 
bition that occurs in the cramped muscle can at times relieve 
the cramp. 

■ THE AUTOXOMIC REFLEXES L\ THE 
SPIXAL CORD 

Many different types of segmental autonomic reflexes occur 
in the spinal cord, most of which are discussed in Chapter 28. 
Briefly, these include (1) changes in vascular tone, resulting 
from local skin heat and cold; (2) sweating, which results 
from localized heat on the surface of the body; (3) intesti- 
nointestinal reflexes that control some motor functions of the 
gut; (4) peritoneointestinal reflexes that inhibit gastric motil¬ 
ity in response to peritoneal irritation; and (5) evacuation 
reflexes for emptying the bladder and the colon. In addition, 
all the segmental reflexes can at times be elicited simulta¬ 
neously in the form of the so-called mass reflex as follows: 

The Mass Reflex. In a spinal animal or human being, the 
spinal cord sometimes suddenly becomes excessively active, 
causing massive discharge of large portions of the cord. The 
usual stimulus that causes this is a strong nociceptive stimu¬ 
lus to the skin or excessive filling of a viscus, such as overdis¬ 
tension of the bladder or of the gut. Regardless of the tyq^e of 
stimulus, the resulting reflex, called the mass reflex, involves 
large portions or even all of the cord, and its pattern of reac¬ 
tion is the same. The effects are (1) a major portion of the 
body goes into strong flexor spasm, (2) the colon and bladder 
are likely to evacuate, (3) the arterial pressure often rises to 
maximal values—sometimes to a mean pressure well ov^er 
200 mm Hg, and (4) large areas of the body break out into 
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profuse sweating. The mass reflex might be likened to epi¬ 
leptic seizures that involve the central nervous system in 
which large portions of the brain become massively acti¬ 
vated. 

The precise neuronal mechanism of the mass reflex is un¬ 
known. However, because it lasts for minutes, it presumably 
results from activation of great masses of reverberating cir¬ 
cuits that excite large areas of the cord at once. 


■ 8PL\AL CORD TRA\SECTIO\ AXD 
8PI\AL SHOCK 

When the spinal cord is suddenly transected, essentially all 
cord functions, including the cord reflexes, immediately be¬ 
come depressed to the point of total silence, a reaction called 
spinal shock. The reason for this is that normal activity of the 
cord neurons depends to a great extent on continual tonic 
discharges of ner\^e fibers entering the cord from higher 
centers, particularly discharges transmitted through the reti¬ 
culospinal tracts, vestibulospinal tracts, and corticospinal 
tracts. 

After a few hours to a few weeks, the spinal neurons grad¬ 
ually regain their excitability. This seems to be a natural 
characteristic of neurons everywhere in the nervous system 
—that is, after they lose their source of facilitatory impulses, 
they increase their owm natural degree of excitability to make 
up for the loss. But there is also some possibility of sprouting 
of multiple new nerve endings in the cord, which could also 
increase excitability. In most nonprimates, the excitability of 
the cord centers returns essentially to normal within a few 
hours to a day or so, but in human beings the return is often 
delayed for several weeks and occasionally is never com¬ 
plete; or, on the other hand, recovery is sometimes excessive, 
with resultant hyperexcitability of some or all cord functions. 

Some of the spinal functions specifically affected during or 
following spinal shock are the following: (1) The arterial 
blood pressure falls immediately—sometimes to as low' as 
40 mm Hg—thus illustrating that sympathetic activity be¬ 
comes blocked almost to extinction. However, the pressure 
ordinarily returns to normal within a few days even in the 
human being. (2) All skeletal muscle reflexes integrated in 
the spinal cord are completely blocked during the initial 
stages of shock. In lower animals, a few hours to a few days 
are required for these reflexes to return to normal, and in 
human beings 2 weeks to several months are usually re¬ 
quired. Sometimes, both in animals and in people, some 
reflexes eventually become h)'perexcitable, particularly if a 
few' facilitatory pathw'ays remain intact between the brain 
and the cord w'hile the remainder of the spinal cord is tran¬ 
sected. The first reflexes to return are the stretch reflexes, 
followed in order by the progressively more complex re¬ 
flexes: the flexor reflexes, the postural antigravity reflexes, 
and remnants of stepping reflexes. (3) The sacral reflexes for 
control of bladder and colon evacuation are completely sup¬ 
pressed in human beings for the first few' weeli follow'ing 


cord transection, but they eventually return. These effects 
are discussed in Chapter 28. 
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Cortical and Brain Stem 
Control of Motor Function 


In this chapter we will discuss the control of the body's 
movements by the cerebral cortex and brain stem. 
These two neural areas, along with the basal ganglia 
and cerebellum, which are discussed in the following 
chapter, control the very complex movements that the 
human being and other higher animals have devel¬ 
oped for their special purposes. 

Virtually all "voluntary" movements involve con¬ 
scious activity in the cerebral cortex. Yet this does not 
mean that each contraction of each muscle is willed by 
the cortex itself. Instead, most control used by the cor¬ 
tex involves the patterns of function in lower brain 
areas — in the cord, in the brain stem, in the basal 
ganglia, in the cerebellum — and these lower centers in 
turn send most of the specific activating signals to the 
muscles. However, for a few types of movements, the 
cortex does have almost a direct pathway to the ante¬ 
rior motor neurons of the cord, bypassing other motor 
centers on the way, especially for control of the very 
fine dexterous movements of our fingers and hands. It 
will be the goal of this and the following chapter to 
explain the interplay among the different motor areas 
of the brain and spinal cord that provides this overall 
synthesis of motor function. 

■ THE MOTOR CORTEX AXD 
THE C0RTIC08PI1VAL TRACT 

Figure 17-1 illustrates the functional areas of the 
cerebral cortex. Anterior to the central sulcus, occupy¬ 
ing approximately the posterior third of the frontal 
lobes, is the motor cortex. Posterior to the central sulcus 
is the somatic sensory cortex, an area discussed in detail 
in earlier chapters that feeds many signals into the 
motor cortex for control of motor activities. 

The motor cortex itself is further divided into three 
separate subareas, each of which has its own topo¬ 
graphical representation of all the muscle groups of the 
body: (1) the primary motor cortex, (2) the premotor area, 
and (3) the supplemental motor area. 


THE PiUMARY MOTOR CORTEX 

The primary motor cortex, shown in Figure 17-1, lies 
in the first convolution of the frontal lobes anterior to 
the central sulcus. It begins laterally in the sylvian fis¬ 
sure and spreads superiorly to the uppermost portion 
of the brain, then dips over into the longitudinal fis¬ 
sure. This area is the same as area 4 in Brodmann's 
classification of the brain cortical areas shown in Fig¬ 
ure 9-5 of Chapter 9. 

Figure 17-1 lists the topographical representations 
of the different muscle areas of the body in the primary 
motor cortex, beginning with the face and mouth re¬ 
gion, near the sylvian fissure; the arm and hand area, 
in the midportions of the primary motor cortex; the 
trunk, near the apex of the brain; and the leg and foot 
areas, in that part of the primary motor cortex that dips 
into the longitudinal fissure. This topographical orga¬ 
nization is illustrated even more graphically in Figure 
17-2, which shows the degrees of representarion of 
the different muscle areas as mapped by Penfield and 
Rasmussen. This mapping was done by electrically 
stimulating the different areas of the motor cortex in 
human beings who were undergoing neurosurgical 
operations. Note that more than half of the entire pri¬ 
mary motor cortex is concerned with controlling the 
hands and the muscles of speech. Point stimulations in 
these motor areas will cause contraction of a single 
muscle or even a portion of a single muscle. But in 
those areas with a lesser degree of representation, such 
as the trunk area, electrical stimulation usually con¬ 
tracts a group of muscles instead. 

THE PREMOTOR AREA 

The premotor area, also shown in Figure 17-1, lies 
immediately anterior to the primary motor cortex, pro¬ 
jecting 1 to 3 cm anteriorly and extending inferiorly 
into the sylvian fissure and superiorly into the longitu¬ 
dinal fissure, where it abuts the supplemental motor 
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Figure 17—1. The motor and somatic 
sensory functional areas of the cerebral 
cortex. 


area. Note that the topographical organization of the 
premotor cortex is roughly the same as that of the 
primary motor cortex, with the face area located most 
laterally and then in the upward direction the arm, 
trunk, and leg areas. The premotor area is frequently 



Figure 17-2. Degree of representation of the different muscles 
of the body in the motor cortex. (From Penfield and Rasmussen; 
The Cerebral Cortex of Man: A Clinical Study of Localization of 
Function. New York, Macmillan Co., 1968.) 


called simply motor area 6 because it occupies a large 
share of area 6 in the Brodmann classification of brain 
topology. 

Most nerve signals generated in the premotor area 
cause patterns of movement involving groups of mus¬ 
cles that perform specific tasks. For instance, the task 
may be to position the shoulders and arms so that the 
hands become properly oriented to perform specific 
tasks. To achieve these results, the premotor area sends 
its signals either directly into the primary motor cortex 
to excite multiple groups of muscles or, more likely, by 
way of the basal ganglia and then back through the 
thalamus to the primary motor cortex. Thus, the pre¬ 
motor cortex, the basal ganglia, the thalamus, and the 
primary motor cortex constitute a complex overall sys¬ 
tem for control of many of the body's more complex 
patterns of coordinated muscle activity. 


THE SUPPLEHEiXTAL 3WTOR AREA 

The supplemental motor area has still another topo¬ 
graphical organization for control of motor function. It 
lies immediately superior and anterior to the premotor 
area, lying mainly in the longitudinal fissure but ex¬ 
tending a centimeter or so over the edge onto the supe- 
riormost portion of the exposed cortex. Note in Figure 
17-1 that the leg area lies most posteriorly and the face 
most anteriorly. 
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Considerably stronger electrical stimuli are required 
in the supplemental motor area to cause muscle con¬ 
traction than in the other motor areas. However, when 
contractions are elicited, they are often bilateral rather 
than unilateral. And stimulation frequently leads to 
movements such as unilateral grasping of a hand or at 
other times bilateral grasping of both hands simulta¬ 
neously; these movements are perhaps rudiments of 
the hand functions required for climbing. Also, there 
may be rotation of the hands, movement of the eyes, 
vocalization, or yawning. But other than these subtle 
clues to the function of the supplemental motor area, 
very little else is known. In general, this area probably 
functions in concert with the premotor area to provide 
attitudinal movements, fixation movements of the dif¬ 
ferent segments of the body, positional movements of 
the head and eyes, and so forth, as background for the 
finer motor control of the hands and feet by the pre¬ 
motor and primary motor cortex. 


SOME SPECIALIZED AREAS OF 
MOTOR COATROL FOVAD lA THE 
HVMAX MOTOR CORTEX 

Neurosurgeons have found a few highly specialized 
motor regions of the human cerebral cortex, located 
mainly in the premotor areas as illustrated in Figure 
17-3, that control very specific motor functions. These 
have been localized either by electrical stimulation or 
by noting the loss of motor function when destructive 
lesions have occurred in specific cortical areas. Some of 
the more important of these are the following: 

Broca's Area and Speech. Figure 17-3 illustrates a 
premotor area lying immediately anterior to the pri¬ 
mary motor cortex and immediately above the sylvian 
fissure labeled "word formation." This region is called 


Supplemental 

and premotor Primary motor 
cortex 



Fi^re 17 — 3. Representation of the different muscles of the 
body in the motor cortex and location of other cortical areas re¬ 
sponsible for certain types of motor movements. 


Broca's area. Damage to it does not prevent a person 
from vocalizing, but it does make it impossible for the 
person to speak whole words other than simple utter¬ 
ances such as "no" or "yes." A closely associated corti¬ 
cal area also causes appropriate respiratory function so 
that respiratory activation of vocal cords can occur si¬ 
multaneously with the movements of the mouth and 
tongue during speech. Thus, the premotor activities 
that are related to Broca's area are highly complex. 

The "Voluntary" Eye Movement Field. Immedi¬ 
ately above Broca's area is a locus for controlling eye 
movements. Damage to this area prevents a person 
from voluntarily moving the eyes toward different ob¬ 
jects. Instead, the eyes tend to lock on specific objects, 
an effect controlled by signals from the occipital cortex, 
as explained in Chapter 13. This frontal area also con¬ 
trols eyelid movements such as blinking. 

Head Rotation Area. Still slightly higher in the 
motor association area, electrical stimulation will elicit 
head rotation. This area is closely associated with the 
eye movement field and is presumably related to di¬ 
recting the head toward different objects. 

Area for Hand Skills. In the premotor area immedi¬ 
ately anterior to the primary motor cortex for the hands 
and fingers is a region neurosurgeons have called an 
area for hand skills. That is, when tumors or other 
lesions cause destruction in this area, the hand move¬ 
ments become incoordinate and nonpurposeful, a 
condition called motor apraxia. 


TRAXSMISSIOA OF SMGAALS FROM 
THE MOTOR CORTEX TO THE 3WSCLES 

Motor signals are transmitted directly from the cortex 
to the spinal cord through the corticospinal tract and 
indirectly through multiple accessory pathways that 
involve the basal ganglia, the cerebellum, and various 
nuclei of the brain stem. In general, the direct pathways 
are concerned more with discrete and detailed move¬ 
ments, especially of the distal segments of the limbs, 
particularly the hands and the fingers. 

The Corticospinal Tract (PiT'amidal Tract) 

The most important output pathway from the motor cortex is 
the corticospinal tract, also called the pyramidal tract, which is 
illustrated in Figure 17-4. 

The corticospinal tract originates about 30 per cent from 
the primary motor cortex, 30 per cent from the premotor and 
supplementary motor areas, and 40 per cent from the so¬ 
matic sensory areas posterior to the central sulcus. After 
leaving the cortex it passes through the posterior limb of the 
internal capsule (between the caudate nucleus and the puta- 
men of the basal ganglia) and then downward through the 
brain stem, forming the pyramids of the medulla. By far the 
majority of the pyramidal fibers then cross to the opposite 
side and descend in the lateral corticospinal tracts of the cord; 
most terminate on the intemeurons in the intermediate re¬ 
gions of the cord gray matter, but a few end on sensory relay 
neurons in the dorsal horn, and some end directly on the 
anterior motor neurons. 
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Figure 17-4. The pyramidal tract. (Modified from Ranson and 
Clark: Anatomy of the Nervous System. Philadelphia, VV. B. 
Saunders Co., 1959.) 

A few of the fibers do not cross to the opposite side in the 
medulla but pass ipsilaterally down the cord in the ventral 
corticospinal tracts, but many of these fibers also cross to the 
opposite side of the cord either in the neck or in the upper 
thoracic region. These fibers are perhaps concerned with 
control by the supplementary motor area of bilateral postural 
movements. 

The most impressive fibers in the pyramidal tract are a 
population of large myelinated fibers with mean diameter of 
16 pm. These originate from the giant pyramidal cells, also 
called Betz cells, that are found only in the primary motor 
cortex. These cells are about 60 pm in diameter, and their 
fibers transmit nerve impulses to the spinal cord at a velocity 
of about 70 m/sec, the most rapid rate of transmission of any 
signals from the brain to the cord. There are approximately 
34,000 of these large Betz cell fibers in each corticospinal 
tract. However, the total number of fibers in each cortico¬ 
spinal tract is more than 1,000,000; so these large fibers rep¬ 


resent only 3 per cent of all of them. The other 97 per cent are 
mainly fibers smaller than 4 pm in diameter. 

Other Fiber Pathways From the Motor Cortex 

The motor cortex gives rise to very large numbers of fibers 
from the cortex or collaterals from the pyramidal tract that go 
to deeper regions of the cerebrum and also into the brain 
stem, including the following: 

1. The axons from the giant Betz cells send short collat¬ 
erals back to the cortex itself. It is believed that these collat¬ 
erals mainly inhibit adjacent regions of the cortex when the 
Betz cells discharge, thereby "sharpening" the boundaries of 
the excitatory signal. 

2. A large body of fibers passes into the caudate nucleus 
and putamen. From here additional pathways extend 
through several neurons into the brain stem, as discussed in 
the following chapter. 

3. A moderate number of fibers pass to the red nuclei. 
From these, additional fibers pass down the cord through the 
rubrospinal tract. 

4. A moderate number of fibers deviate into the reticular 
substance and vestibular nuclei of the brain stem; from here 
signals go to the cord via reticulospinal and vestibulospinal 
tracts, and others go to the cerebellum via reticulocerebellar 
and vestibulocerebellar tracts. 

5. A tremendous number of fibers synapse in the pontile 
nuclei, which give rise to the pontocerebellar fibers, carrying 
signals into the cerebellar hemispheres. 

6. Collaterals also terminate in the inferior olivary nuclei, 
and from here secondary olivocerebellar fibers transmit sig¬ 
nals to many areas of the cerebellum. 

Thus, the basal ganglia, the brain stem, and the cerebellum 
all receive strong signals from the corticospinal system every 
time a signal is transmitted down the spinal cord to cause a 
motor activity. 


UVCOMtSG FIBER PATHWAYS TO THE 
MOTOR CORTEX 

The functions of the motor cortex are controlled mainly by 
the somatic sensory system but also to a lesser extent by the 
other sensory systems such as hearing and vision. Once the 
sensory information is derived from these sources, the motor 
cortex operates in association with the basal ganglia and 
cerebellum to process the information and to determine the 
appropriate course of motor action. The more important in¬ 
coming fiber pathways to the motor cortex are as follows: 

1. Subcortical fibers from adjacent regions of the cortex, 
especially from the somatic sensory areas of the parietal cor¬ 
tex and from the frontal areas as well as subcortical fibers 
from the visual and auditory cortices. 

2. Subcortical fibers that pass through the corpus callo¬ 
sum from the opposite cerebral hemisphere. These fibers 
connect corresponding areas of the motor cortices in the two 
sides of the brain. 

3. Somatic sensory fibers derived directly from the ven- 
trobasal complex of the thalamus. These transmit mainly 
cutaneous tactile signals and joint and muscle signals. 

4. Tracts from the ventrolateral and ventroanterior nuclei 
of the thalamus, which in turn receive tracts from the cere¬ 
bellum and the basal ganglia. These tracts provide signals 
that are necessary for coordination between the functions of 
the motor cortex, the basal ganglia, and the cerebellum. 
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5. Fibers from the intralaminar nuclei of the thalamus. 
These fibers probably control the general level of excitability 
of the motor cortex in the same manner that they also control 
the general level of excitability of most other regions of the 
cerebral cortex. 


THE RED iWCLEVS SERVES AS AN 
ALTERNATE PATHWAV FOR 
TRANSMMTTiNG CORTICAL SIGNALS 
TO THE SPINAL CORD 

The red nucleus, located in the mesencephalon, func¬ 
tions in close association with the corticospinal tract. 
As illustrated in Figure 17-5, it receives a large num¬ 
ber of direct fibers from the primary motor cortex 
through the corticorubral tract as well as branching 
fibers from the corticospinal tract as it passes through 
the mesencephalon. These fibers synapse in the lower 
portion of the red nucleus, the magnocellular portion, 
that contains large neurons similar to the Betz cells in 
the motor cortex. These large neurons give rise to the 
rubrospinal tract, which crosses to the opposite side in 
the lower brain stem and follows a course parallel to 
the corticospinal tract into the lateral columns of the 
spinal cord. This tract partially overlaps the cortico¬ 
spinal tract but on the average lies slightly anterior to it. 
T^e rubrospinal fibers terminate mainly on the inter¬ 
neurons of the intermediate areas of the cord gray 
matter along with the corticospinal fibers, but a few of 
the rubrospinal fibers also terminate on the anterior 
motor neurons, along with some corticospinal fibers. 

The red nucleus also has close connections with the 
cerebellum, similar to the connections between the 
motor cortex and the cerebellum. 

Function of the Corticorubrospinal System. The 
magnocellular portion of the red nucleus has a soma- 
tographic representation of all the muscles of the body, 
as is true of the motor cortex. Therefore, stimulation of 
a single point in this portion of the red nucleus will 
cause contraction of either a single muscle or a small 


group of muscles. However, the fineness of represen¬ 
tation of the different muscles is far less developed 
than in the motor cortex. This is especially true in 
human beings who have a relatively small red nucleus. 

The corticorubrospinal pathway serves as an acces¬ 
sory route for the transmission of relatively discrete 
signals from the motor cortex to the spinal cord. When 
the corticospinal fibers are destroyed without destroy¬ 
ing this other pathway, discrete movements can still 
occur, except that the movements of the fingers and 
hands are considerably impaired. Wrist movements 
are still well developed, which is not true when the 
corticorubrospinal pathway is also blocked. Therefore, 
the pathway through the red nucleus to the spinal cord 
is associated far more with the corticospinal system 
than with the other major brain stem motor pathway, 
the vestibuloreticulospinal system that controls mainly 
the axial and girdle muscles of the body, as we shall 
discuss later in the chapter. Furthermore, the rubro¬ 
spinal tract lies in the lateral columns of the spinal 
cord, along with the corticospinal tract, and terminates 
more on the intemeurons and motor neurons that con¬ 
trol the distal muscles of the limbs. Therefore, the cor¬ 
ticospinal and rubrospinal tracts together are fre¬ 
quently called the lateral motor system of the cord, in 
contradistinction to the vestibuloreticulospinal system 
that lies mainly medially in the cord and is called the 
medial motor system of the cord. 


THE EXTRAPVRAMIDAL SYSTEM 

The term "extrapyramidal motor system” is widely used in 
clinical circles to denote all those portions of the brain and 
brain stem that contribute to motor control that are not part 
of the direct corticospinal-pyramidal system. This includes 
pathways through the basal ganglia, the reticular formation 
of the brain stem, the vestibular nuclei, and often the red 
nuclei as well. However, this is such an all-inclusive and 
diverse group of motor control areas that it is difficult to 
ascribe specific neurophysiological functions to the extrapy- 
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Fl^re 17 — 5. The corticorubrospinal pathway for motor con¬ 
trol, showing also the relationship of this pathway to the cerebel- 
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ramidal system as a whole. For this reason, the term "extra- 
pyramidal” is beginning to have less usage clinically as well 
as physiologically. 


EXCITATIOX OF THE SPLXAL CORD 
BY THE PIUHARY MOTOR CORTEX 
AXD THE RED XVCLEVS 

Vertical Columnar Arrangement of the Neurons 
in the Motor Cortex. In Chapters 9 and 13 it is pointed 
out that the cells in the somatic sensory cortex and 
visual cortex—and in all other parts of the brain as 
well — are organized in vertical columns of cells. In a 
like manner, the cells of the motor cortex are also orga¬ 
nized in vertical columns a fraction of a millimeter in 
diameter and having thousands of neurons in each 
column. 

Each column of cells functions as a unit, stimulating 
either a single muscle or a group of synergistic muscles. 
Also, each column is arranged in six distinct layers of 
cells, like the arrangement throughout almost all the 
cerebral cortex. The pyramidal cells that give rise to the 
corticospinal fibers all lie in the fifth layer of cells from 
the cortical surface, whereas the input signals to the 
column of cells all enter layers 2 through 4. The sixth 
layer gives rise mainly to fibers that communicate with 
other regions of the cerebral cortex itself. 

Function of Each Column of Neurons. The neurons 
of each column operate as an integrative processing 
system, utilizing information from multiple input 
sources to determine the output response from the col¬ 
umn. In addition, each column can function as an am¬ 
plifying system to stimulate large numbers of pyrami¬ 
dal fibers to the same muscle or to synergistic muscles 
simultaneously. This is important because stimulation 
of a single pyramidal cell can rarely excite a muscle. 
Instead, as many as 50 to 100 pyramidal cells usually 
need to be excited simultaneously or in rapid succes¬ 
sion to achieve muscle contraction. 

Dynamic and Static Signals Transmitted by the 
Pyramidal Neurons. If a strong signal is sent at first to 
a muscle to cause initial rapid contraction, then a much 
weaker signal can maintain the contraction for long 
periods thereafter. This is the manner in which excita¬ 
tion for causing muscle contractions is usually pro¬ 
vided. To do this, each column of cells excites two 
separate populations of pyramidal cell neurons, one 
called dynamic neurons and the other static neurons. 
The dynamic neurons are excessively excited for a 
short period of time at the beginning of the contrac¬ 
tion, causing the initial development of force. Then the 
static neurons fire at a much slower rate, but they con¬ 
tinue at this slow rate indefinitely to maintain the force 
of contraction as long as the contraction is required. 

The neurons of the red nucleus have similar dy¬ 
namic and static characteristics, except that more dy¬ 
namic neurons are in the red nucleus and more static 
neurons in the primary motor cortex. This perhaps 
relates to the fact that the red nucleus is closely allied 
with the cerebellum, and we shall learn later in this 


chapter that the cerebellum also plays an important 
role in the rapid initiation of muscle contraction. 


Somatic Sensory Feedback to the 
Motor Cortex 

When nerve signals from the motor cortex cause a 
muscle to contract, somatic sensory signals return from 
the activated region of the body to the neurons in the 
motor cortex that are causing the action. Most of these 
somatic sensory signals arise in the muscle spindles or 
in the tactile receptors of the skin overlying the mus¬ 
cles. In general, the somatic signals cause a positive 
feedback enhancement of the muscle contraction in 
the following ways: In the case of the muscle spindles, 
if the fusimotor muscle fibers in the spindles contract 
more than the large skeletal muscle itself does, then the 
spindles become excited, and the signals from these 
spindles stimulate the pyramidal cells in the motor 
cortex, which further excites the muscle, helping its 
contraction catch up with the contraction of the spin¬ 
dles. In the case of the tactile receptors, if the muscle 
contraction causes compression of the skin against an 
object, such as compression of the fingers around an 
object that is being grasped, the signals from these 
receptors cause further excitement of the muscles and 
therefore increase the muscle contraction—such as 
increasing the tightness of the grasp of the hand. 


Stimulation of the Spinal Motor Neurons 

Figure 17-6 shows a segment of the spinal cord, illus¬ 
trating multiple motor tracts entering the cord from the 
brain and also showing a representative anterior motor 
neuron. The corticospinal tract and the rubrospinal 
tract lie in the dorsal portions of the lateral columns. At 
most levels of the cord, their fibers terminate mainly on 
intemeurons in the intermediate area of the cord gray 
matter. However, in the cervical enlargement of the 
cord where the hands and fingers are represented. 
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Figure 17-6. Convergence of all the different motor pathways 
on the anterior motor neurons. 
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moderate numbers of both corticospinal and rubro¬ 
spinal fibers terminate directly on the anterior motor 
neurons, thus allowing a direct route from the brain for 
activating muscle contraction. This is in keeping with 
the fact that the primary motor cortex has an extremely 
high degree of representation for fine control of hand, 
finger, and thumb actions. 

Patterns of Movement Elicited by Spinal Cord 
Centers. From the previous chapter, recall that the 
spinal cord can provide specific reflex patterns of 
movement in response to sensory nerve stimulation. 
Many of these patterns are also important when the 
anterior motor neurons are excited by signals from the 
brain. For instance, the stretch reflex is functional at all 
times, helping to damp the motor movements initiated 
from the brain and probably providing at least part of 
the motive power required to cause the muscle con¬ 
tractions, employing the servo-assist mechanism that 
was described in Chapter 16. 

Also, when a brain signal excites an agonist muscle, 
it is not necessary to transmit an inverse signal to the 
antagonist at the same time; this transmission will be 
achieved by the reciprocal innervation circuit that is 
always present in the cord for coordinating the func¬ 
tions of antagonistic pairs of muscles. 

Finally, parts of the other reflex mechanisms, such 
as withdrawal, stepping and walking, scratching, pos¬ 
tural mechanisms, and so forth, can be activated by 
''command" signals from the brain. Thus, very simple 
signals from the brain can initiate many of our normal 
motor activities, particularly for such functions as 
walking and the attainment of different postural atti¬ 
tudes of the body. 


EFFECT OF LESlOi\S li\ THE MOTOR 
CORTEX OR CORTICOSPIIVAL PATHWAY — 

THE “STIfOKJE” 

The motor cortex or corticospinal pathway is frequently 
damaged, especially by the common abnormality called a 
"stroke." This is caused either by a ruptured blood vessel 
that allows hemorrhage into the brain or by thrombosis of 
one of the major arteries supplying the brain, in either case 
causing loss of blood supply to the cortex, or very frequently 
to the corticospinal tract, where it passes through the internal 
capsule between the caudate nucleus and the putamen. Also, 
experiments have been performed in animals to remove se¬ 
lectively different parts of the motor cortex. 

Removal of the Primary Motor Cortex (the Area Pyra- 
midalis). Removal of a portion of the primary motor cortex 
— the area that contains the giant Betz pyramidal cells — in a 
monkey causes varying degrees of paralysis of the repre¬ 
sented muscles. If the sublying caudate nucleus and the ad¬ 
jacent premotor area are not damaged, gross postural and 
limb "fixation" movements can still be performed, but the 
animal loses voluntary control of discrete movements of the 
distal segments of the limbs— especially of the hands and 
fingers. This does not mean that the muscles themselves can¬ 
not contract, but that the animal's ability to control the fine 
movements is gone. 

From these results one can conclude that the area pyrami- 
dalis is essential for voluntary initiation of finely controlled 
movements, especially of the hands and fingers. 


Muscle Spasticity Caused by Lesions That Damage 
Large Areas Adjacent to the Motor Cortex. Ablation of the 
primary motor cortex alone causes hypotonia, not spasticity, 
because the primary motor cortex normally exerts a contin¬ 
ual tonic stimulatory effect on the motor neurons of the spi¬ 
nal cord; when this is removed, hypotonia results. 

On the other hand, most lesions of the motor cortex, espe¬ 
cially those caused by a stroke, involve not only the primary 
motor cortex but also adjacent cortical areas and deeper 
structures of the cerebrum as well, especially the basal gan¬ 
glia. In these instances, muscle spasm almost invariably 
occurs in the afflicted muscle areas on the opposite side of 
the body (because all the motor pathways cross to the oppo¬ 
site side). Obviously, this spasm is not caused by loss of 
either the primary motor cortex or blockage of the cortico¬ 
spinal fibers to the cord. 

Instead, it is believed to result mainly from damage to 
accessory pathways from the cortex that normally inhibit the 
vestibular and reticular brain stem nuclei. When these nuclei 
lose this inhibition (that is, when they are said to be "disinhi- 
bited"), they become spontaneously active and cause exces¬ 
sive spastic tone in the involved areas of the body, as we 
discuss more fully later in the chapter. This is the spasticity 
that normally accompanies a "stroke" in the human being. 

The Babinski Sign Used As a Clinical Tool in Testing 
Corticospinal Integrity. Destruction of the foot region of 
the area pyramidalis or transection of the foot portion of the 
corticospinal tract causes a peculiar response of the foot 
called the Babinski sign. This response is demonstrated when 
a firm tactile stimulus is applied to the lateral sole of the foot: 
The great toe extends upward, and the other toes fan out¬ 
ward. This is in contradistinction to the normal effect in 
which all the toes bend downward. The Babinski sign does 
not occur when damage occurs in the non corticospinal por¬ 
tions of the motor control system without involving the cor¬ 
ticospinal tract. Therefore, the sign is used clinically to detect 
damage specifically in the corticospinal portion of the motor 
control system. 

The cause of the Babinski sign is believed to be the follow¬ 
ing: The corticospinal tract is a major controller of muscle 
activity for performance of voluntary, purposeful activity. 
On the other hand, the noncorticospinal pathways consti¬ 
tute a much older motor control system and are concerned to 
a great extent with protection of the body from damage. 
Therefore, when only the noncorticospinal system is func¬ 
tional, stimuli to the bottom of the feet cause a typical with¬ 
drawal protective type of reflex, expressed by the upturned 
great toe and fanning of the other toes. But when the cortico¬ 
spinal system is also fully functional, it suppresses the pro¬ 
tective reflex and instead excites a higher order of motor 
function, including the normal effect of causing downward 
bending of the toes and foot in response to sensory stimuli 
from the bottom of the feet, a response that helps us to walk. 


■ ROLE OF THE BRAIIV STEM 
IIV COIVTROLLIIVG MOTOR 
FillVCTIOIV 

The brain stem consists of the medulla, pons, and mes¬ 
encephalon. In one sense it is an extension of the spinal 
cord upward into the cranial cavity, because it contains 
motor and sensory nuclei that perform motor and sen¬ 
sory functions for the face and head regions in the 
same way that the anterior and posterior gray horns of 
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the spinal cord perform these same functions from the 
neck down. But in another sense, it is its own master, 
because it provides many special control functions, 
such as the following: 

1. Control of respiration. 

2. Control of the cardiovascular system. 

3. Control of gastrointestinal function. 

4. Control of many stereotyped movements of the 
body. 

5. Control of equilibrium. 

6. Control of eye movement. 

Finally, the brain stem serves also as an instrument 
of higher neural centers that transmit many ''com¬ 
mand" signals into the brain stem to initiate or modify 
the brain stem's specific control funchons. 

In the following sections of this chapter we discuss 
the role of the brain stem in controlling whole body 
movement and equilibrium. Especially important for 
this purpose are the brain stem's reticular nuclei and 
vestibular nuclei plus the vestibular apparatus that 
sends most of the equilibrium control signals to the 
vestibular nuclei and to a lesser extent to the reticular 
nuclei as well. 


SUPPORT OF THE BODS AGAISST 
GRAVITS—ROLES OF THE 
RETICULAR ASD VESTIBULAR XUCLEI 

Excitatory-Inhibitory Antagonism 
Between Pontine and Iledullary 
Reticular Suclei 

Figure 17-7 illustrates the locations of the reticular 
and vestibular nuclei. The reticular nuclei are divided 
into two major groups, (1) the pontine reticular nuclei, 
located mainly in the pons but extending into the mes¬ 
encephalon as well, lying more laterally in the brain 
stem, and (2) the medullary reticular nuclei, which ex¬ 
tend the entire extent of the medulla, lying ventrally 
and medially near the midline. These two sets of nuclei 
function mainly antagonistically to each other, the 
pontine exciting the antigravity muscles and the med¬ 
ullary inhibiting them. The pontine reticular nuclei 
transmit excitatory signals downward into the cord 
through the pontine (or medial) reticulospinal tract, il¬ 
lustrated in Figure 17-8. The fibers of this pathway 
terminate on the medial anterior motor neurons that 
excite the muscles that support the body against grav¬ 
ity, that is, the muscles of the spinal column and the 
extensor muscles of the limbs. 

The pontine reticular nuclei have a high degree of 
natural excitability. In addition, they receive excitatory 
signals from local circuits within the brain stem and 
especially strong excitatory signals from the vestibular 
nuclei and also the deep nuclei of the cerebellum. 
Therefore, when the pontine reticular excitatory sys¬ 
tem is unopposed by the medullary reticular system, it 
causes powerful excitation of the antigravity muscles 
throughout the body, so much so that animals can then 
stand up against gravity without any signals from the 
higher levels of the brain. 



Figure 17 — 7. Locations of the reticular and vestibular nuclei in 
the brain stem. 


The Medullary Reticular System. The medullary 
nuclei, on the other hand, transmit inhibitory signals to 
the same antigravity anterior motor neurons by way of 
a different tract, the medullary (or lateral) reticulospinal 
tract, also illustrated in Figure 17-8. The medullary 
reticular nuclei receive strong input collaterals from (1) 
the corticospinal tract, (2) the rubrospinal tract, and (3) 
other motor pathways. These normally activate the 
medullary reticular inhibitory system to counterbal¬ 
ance the excitatory signals from the pontine reticular 
system. Yet other signals from the cerebral, red nu- 



Figure 17 — 8. The vestibulospinal and reticulospinal tracts de¬ 
scending in the spinal cord to e.xcite (solid lines) or inhibit (dashed 
lines) the anterior motor neurons that control the body’s axial 
musculature. 
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cleus, and cerebellar pathways '"disinhibit" the medul¬ 
lary system when the brain wishes for excitation by the 
pontine system to cause standing. Or at other times, 
excitation of the medullary reticular system can inhibit 
the antigravity muscles in certain portions of the body 
to allow those portions to perform other motor activi¬ 
ties, which would be impossible if the anti gravity mus¬ 
cles opposed the necessary movements. 

Therefore, the excitatory and inhibitory reticular 
nuclei constitute a controllable system that is manipu¬ 
lated by motor signals from the cortex and elsewhere to 
provide the necessary muscle contractions for standing 
against gravity and yet to inhibit appropriate groups of 
muscles as needed so that other functions can be per¬ 
formed as required. 

Role of the Vestibular Nuclei in Exciting 
the Antigrai^ty Muscles 

The vestibular nuclei, illustrated in Figure 17-7, func¬ 
tion also in association with the pontine reticular nuclei 
to excite the antigravity muscles. The lateral vestibular 
nuclei (indicated by the heavy dots in the figure), espe¬ 
cially, transmit strong excitatory signals by way of both 
the lateral and medial vestibulospinal tracts in the ante¬ 
rior column of the spinal cord, as illustrated in Figure 
17-8. In fact, without the support of the vestibular 
nuclei, the pontine reticular system loses much of its 
force. The specific role of the vestibular nuclei, how¬ 
ever, is to control selectively the excitatory signals to 
the different antigravity muscles to maintain equilib¬ 
rium in response to signals from the vestibular appa¬ 
ratus. We shall discuss this more fully later in the 
chapter. 


The Decerebrate Animal Develops Spastic 
Rigiditx’^ 

When the brain stem is sectioned between the pons and the 
mesencephalon, leaving both the pontine and medullary re¬ 
ticular systems as well as the vestibular system intact, the 
animal develops a condition called decerebrate rigidity. This 
rigidity does not occur in all muscles of the body, but instead 
occurs in the antigravity muscles—the muscles of the neck 
and the trunk and the extensors of the legs. 

The cause of decerebrate rigidity is blockage of the nor¬ 
mally strong excitatory input to the medullary reticular nu¬ 
clei from the cerebral cortex, red nuclei, and basal ganglia. As 
a result, the medullary vestibular inhibitor system becomes 
nonfunctional because of loss of its usual excitatory drive, 
thus allowing full overactivity of the pontine excitatory 
system. 

A specific characteristic of decerebrate rigidity is that the 
antigravity muscles exhibit the phenomenon called spasticity 
as well as rigidity. This means that any attempt to change the 
position of a limb or other part of the body, especially at¬ 
tempts to stretch the muscles suddenly, is resisted by very 
powerful stretch reflexes described in the previous chapter. 
This occurs because the pontine and vestibular antigravity 
signals to the cord selectively excite the gamma motor neu¬ 
rons in the spinal cord much more than they excite the alpha 
motor neurons. This tightens the intrafused muscle fibers of 
the muscle spindles, which in turn strongly sensitizes the 
stretch reflex feedback loop. 


We see later that other types of rigidity occur in other 
neuromotor diseases, especially in lesions of the basal gan¬ 
glia. In many of these the rigidity involves all muscles 
equally without the excessive spastic stretch reflex compo¬ 
nent. 


■ VESTIBULAR SEi\SATIO\S 
AIVD THE i\IAIi\TEi\Ai\CE OF 
EQUILIBRIUM 

THE VESTIBVLAR APPARATUS 

The vestibular apparatus is the organ that detects sen¬ 
sations of equilibrium. It is composed of a system of 
bony tubes and chambers in the petrous portion of the 
temporal bone called the bony labyrinth and within this 
a system of membranous tubes and chambers called 
the membranous labyrinth, which is the functional part 
of the apparatus. The top of Figure 17-9 illustrates 
the membranous labyrinth; it is composed mainly of 
the cochlea, three semicircular ducts, and two large 


Anterior 




Crista AmpuHaris and Macula 

Figure 17 — 9. The membranous labyrinth and organization of 
the crista ampullaris and the macula. (Modified from Goss: Gray s 
Anatomy of the Human Bod\. 25th ed Philadelphia. U*a & Fe- 
biger, 1948; modified from Kolmer by Buchanan: Functional Neu¬ 
roanatomy. Philadelphia, Lea & Febiger ) 
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chambers known as the utricle and the saccule. The 
cochlea is the major sensory area for hearing that was 
discussed in Chapter 14 and has nothing to do with 
equilibrium. However, the utricle, the semicircular 
ducts, and the saccule are all integral parts of the equi¬ 
librium mechanism. 

The Maculae — The Sensory Organs of the Utricle 
and the Saccule for Detecting the Orientation of the 
Head With Respect to Gravity. Located on the inside 
surface of each utricle and saccule is a small sensory 
area slightly ov^er 2 mm in diameter called a macula. 
The macula of the utricle lies mainly in the horizontal 
plane on the inferior surface of the utricle and plays an 
important role in determining the normal orientation 
of the head with respect to the direction of gravita¬ 
tional or acceleratory forces when a person is upright. 
On the other hand, the macula of the saccule is located 
mainly in a v^ertical plane and therefore is important in 
equilibrium when the person is lying down. 

Each macula is covered by a gelatinous layer in 
which many small calcium carbonate cr)^stals called 
statoconia (or otoliths) are imbedded. Also, in the mac¬ 
ula are thousands of hair cells, one of which is illus¬ 
trated in Figure 17-10; these project cilia up into the 
gelatinous layer. The bases and sides of the hair cells 
synapse with sensory endings of the vestibular nerv^e. 

Directional Sensitivity of the Hair Cells — The 
Kinocilium. Each hair cell has an average of 50 to 70 
small cilia called stereocilia, plus one very large cilium, 
the kinocilium, as illustrated in the figure. The kinoci¬ 
lium is located always to one side, and the stereocilia 
become progressively shorter toward the other side of 
the cell. Very minute filamentous attachments, almost 
invisible even to the electron microscope, connect the 
tip of each stereocilium to the next longer stereocilium 
and finally to the kinocilium. Because of these attach¬ 
ments, when the brush pile of stereocilia and kinoci¬ 
lium is bent in the direction of the kinocilium, the 
filamentous attachments tug one after the other on the 
stereocilia, pulling them away from the cell body. This 
opens several hundred channels in each cilium mem¬ 
brane for conducting positive sodium ions, and large 
quantities of these positive ions pour into the cell from 
the surrounding fluids, causing depolarization. Con¬ 
versely, bending the pile of cilia in the opposite direc¬ 
tion (away from the kinocilium) reduces the tension on 
the attachments, and this closes the ion channels, thus 
causing hyperpolarization. 

Under normal resting conditions, the nerve fibers 
leading from the hair cells transmit continuous nerv’e 
impulses at rates of about 100/sec. When the cilia are 
bent toward the kinocilium, the impulse traffic can 
increase to sev^eral hundred per second; conversely, 
bending the cilia in the opposite direction decreases 
the impulse traffic, often turning it off completely. 
Therefore, as the orientation of the head in space 
changes and the weight of the statoconia (whose spe¬ 
cific gravity is about three times that of the surround¬ 
ing tissues) bends the cilia, appropriate signals are 
transmitted to the brain to control equilibrium. 

In each macula the different hair cells are oriented in 
different directions so that some of them are stimu- 



Fi^re 17 - 10. A hair cell of the membranous lab\Tinth of the 
equilibrium apparatus. 


lated when the head bends forward, some when it 
bends backward, others when it bends to one side, and 
so forth. Therefore, a different pattern of excitation 
occurs in the nerv^e fibers from the macula for each 
position of the head; it is this '"pattern" that apprises 
the brain of the head's orientation. 

The Semicircular Ducts. The three semicircular 
ducts in each v^estibular apparatus, knovvTi respectively 
as the anterior, posterior, and horizontal semicircular 
ducts, are arranged at right angles to each other so that 
they represent all three planes in space. When the head 
is bent forward approximately 30 degrees, the hori¬ 
zontal semicircular ducts are located approximately 
horizontal with respect to the surface of the earth. The 
anterior ducts are then located in vertical planes that 
project forward and 45 degrees outward, and the poste¬ 
rior ducts are also in v'ertical planes but project back¬ 
ward and 45 degrees outward. Thus, the anterior duct on 
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each side of the head is in a plane parallel to that of the 
posterior duct on the opposite side of the head, 
whereas the horizontal ducts on the two sides are lo¬ 
cated in approximately the same plane. 

Each semicircular duct has an enlargement at one of 
its ends called the ampulla, and the ducts are filled with 
a viscous fluid called endolymph. Flow of this fluid 
from one of the ducts into the ampulla excites the 
sensory organ of the ampulla in the following manner: 
Figure 17-11 illustrates in each ampulla a small crest 
called a crista ampullaris. On top of this crista is a gela¬ 
tinous mass, the cupula. When the head begins to ro¬ 
tate in any direction, the inertia of the fluid in one or 
more of the semicircular ducts will cause the fluid to 
remain stationary while the semicircular duct rotates 
with the head. This causes fluid flow from the duct into 
the ampulla, bending the cupula to one side as illus¬ 
trated by the position of the shaded cupula in Figure 
17-11. Rotation of the head in the opposite direction 
causes the cupula to bend to the opposite side. 

Into the cupula are projected hundreds of cilia from 
hair cells located along the ampullary crest. The kinoci- 
lium of each of these hair cells is always directed 
toward the same side of the cupula as the others, and 
bending the cupula in that direction causes depolari¬ 
zation of the hair cells, whereas bending it in the op¬ 
posite direction will hyperpolarize the cells. From the 
hair cells, appropriate signals are sent by way of the 
vestibular nerve to apprise the central nervous system 
of changes in the rate and direction of rotation of the 
head in the three different planes of space. 

FVi\CTIOi\ OF THE UTtUCLE ADID 
SACCVLE m THE MtAIJVTEiXAACE OF 
STATIC EQUILIBRIEH 

It is especially important that the different hair cells are 
oriented in all different directions in the maculae of the 



Flj^ure 17—11. Movement of the cupula and its embedded hairs 
at the onset of rotation. 


Utricles and saccules so that at different positions of the 
head, different hair cells become stimulated. The "pat¬ 
terns'" of stimulation of the different hair cells apprise 
the nervous system of the position of the head with 
respect to the pull of gravity. In turn, the vestibular, 
cerebellar, and reticular motor systems excite by reflex 
the appropriate muscles to maintain proper equilib¬ 
rium. 

The maculae, especially those in the utricles, func¬ 
tion extremely effectively for maintaining equilibrium 
when the head is in the near-vertical position. Indeed, 
a person can determine as little as a half-degree of 
malequilibrium when the head leans from the precise 
upright position. On the other hand, as the head is 
leaned farther and farther from the upright, the deter¬ 
mination of head orientation by the vestibular sense 
becomes poorer and poorer. Obviously, extreme sensi¬ 
tivity in the upright position is of major importance for 
maintenance of precise vertical static equilibrium, 
which is the most essential function of the vestibular 
apparatus. 

Detection of Linear Acceleration by the Maculae. 
When the body is suddenly thrust forward—that is, 
when the body accelerates — the statoconia, which 
have greater inertia than the surrounding fluids, fall 
backward on the hair cell cilia, and information of 
malequilibrium is sent into the nervous centers, caus¬ 
ing the individual to feel as though he were falling 
backward. This automatically causes him to lean his 
body forward until the anterior shift of the statoconia 
caused by leaning exactly equals the tendency for the 
statoconia to fall backward. At this point, the nervous 
system detects a state of proper equilibrium and there¬ 
fore leans the body no farther forward. Thus, the ma¬ 
culae operate to maintain equilibrium during linear 
acceleration in exactly the same manner as they oper¬ 
ate in static equilibrium. 

The maculae do not operate for the detection of lin¬ 
ear velocity. When runners first begin to run, they must 
lean far forward to keep from falling over backward 
because of acceleration, but once they have achieved 
running speed, they would not have to lean forward at 
all if they were running in a vacuum. When running in 
air they lean forward to maintain equilibrium only be¬ 
cause of the air resistance against their bodies; in this 
instance it is not the maculae that make them lean but 
the pressure of the air acting on pressure end-organs in 
the skin, which initiate the appropriate equilibrium 
adjustments to prevent falling. 


DETECTION OF HEAD ROTATION BY 
THE SEmCIRCVLAB DUCTS 

When the head suddenly begins to rotate in any direc¬ 
tion (this is called angular acceleration), the endo¬ 
lymph in the semicircular ducts, because of its inertia, 
tends to remain stationary while the semicircular ducts 
themselves turn. This causes relative fluid flow in the 
ducts in the direction opposite to the rotation of the 
head. 
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Figure 17-12 illustrates a typical discharge signal 
from a single hair cell in the crista ampullaris when an 
animal is rotated for 40 sec, showing that (1) even 
when the cupula is in its resting position the hair cell 
emits a tonic discharge of approximately 100 im¬ 
pulses/sec; (2) when the animal is rotated, the hairs 
bend to one side and the rate of discharge increases 
greatly; and (3) with continued rotation, the excess 
discharge of the hair cell gradually subsides back to the 
resting level in about 20 sec. 

The reason for this adaptation of the receptor is that 
within a second or more of rotation, back-pressure 
from the bent cupula causes the endolymph to rotate 
as rapidly as the semicircular canal itself; then in an 
additional 15 to 20 sec the cupula slowly returns to its 
resting position in the middle of the ampulla because 
of its own elastic recoil. 

When the rotation suddenly stops, exactly the oppo¬ 
site effects take place: the endolymph continues to 
rotate while the semicircular duct stops. This time the 
cupula is bent in the opposite direction, causing the 
hair cell to stop discharging entirely. After another few 
seconds, the endolymph stops moving, and the cupula 
returns gradually to its resting position in about 20 sec, 
thus allouang the discharge of the hair cell to return to 
its normal tonic level as shown to the right in Figure 
17-12. 

Thus, the semicircular duct transmits a signal of one 
polarity when the head begins to rotate and of opposite 
polarity when it stops rotating. Furthermore, at least 
some hair cells will always respond to rotation in any 
plane—horizontal, sagittal, or coronal — for fluid 
mov^ement always occurs in at least one semicircular 
duct. 

Rate of Angular Acceleration Required to Stimu¬ 
late the Semicircular Ducts. The angular acceleration 
required to stimulate the semicircular ducts in the 
human being averages about 1 degree/sec per second. 
In other words, when one begins to rotate, the velocity 
of rotation must be as much as 1 degree/sec by the end 
of the first second, 2 degrees/sec by the end of the 


Rotation 



Figure 17—12. Response of a hair cell vv'hen a semicircular 
canal is stimulated first by rotation and then by stopping rotation. 


second second, 3 degrees/sec by the end of the third 
second, and so forth, in order for the person barely to 
detect that the rate of rotation is increasing. 

''Predictive" Function of the Semicircular Ducts 
in the Maintenance of Equilibrium. Because the se¬ 
micircular ducts do not detect that the body is off bal¬ 
ance in the forward direction, in the side direction, or 
in the backward direction, one might at first ask: What 
is the function of the semicircular ducts in the mainte¬ 
nance of equilibrium? All they detect is that the per¬ 
son's head is beginning to rotate or stopping rotation in 
one direction or another. Therefore, the function of the 
semicircular ducts is not likely to be to maintain static 
equilibrium or to maintain equilibrium during linear 
acceleration or when the person is exposed to steady 
centrifugal forces. Yet loss of function of the semicir¬ 
cular ducts causes a person to have ver\^ poor equilib¬ 
rium when attempting to perform rapid and intricate 
body movements. 

We can explain the function of the semicircular 
ducts best by the following illustration. If a person is 
running forward rapidly, and then suddenly begins to 
turn to one side, he falls off balance a fraction of a 
second later unless appropriate corrections are made 
ahead of time. But, unfortunately, the macula of the 
utricle cannot detect that he is off balance until after 
this has occurred. On the other hand, the semicircular 
ducts will have already detected that the person is 
turning, and this information can easily apprise the 
central nervous system of the fact that the person will 
fall off balance within the next fraction of a second or 
so unless some correction is made. In other words, the 
semicircular duct mechanism predicts ahead of time that 
malequilibrium is going to occur even before it does 
occur and thereby causes the equilibrium centers to 
make appropriate preventive adjustments. In this way, 
the person need not fall off balance before he begins to 
correct the situation. 

Removal of the flocculonodular lobes of the cerebel¬ 
lum prevents normal function of the semicircular ducts 
but has less effect on the function of the macular re¬ 
ceptors. It is especially interesting in this connection 
that the cerebellum serves as a "predictive" organ for 
most of the other rapid movements of the body as well 
as those having to do with equilibrium. These other 
functions of the cerebellum are discussed in the fol¬ 
lowing chapter. 


VESTIBVLAR POSTLRAL REFLEXES 

Sudden changes in the orientation of an animal in space elicit 
reflexes that help to maintain equilibrium and posture. For 
instance, if an animal is suddenly pushed to the right, even 
before it can fall more than a few degrees its right legs extend 
instantaneously. In other words, this mechanism anticipates 
that the animal will be off balance in a few seconds and 
makes appropriate adjustments to prevent this. 

Another type of vestibular postural reflex occurs when the 
animal suddenly falls forward. When this occurs, the fore¬ 
paws extend forward, the extensor muscles tighten, and the 
muscles in the back of the neck stiffen to prevent the ani- 
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mal's head from striking the ground. This reflex is probably 
also of importance in locomotion, for, in the case of the 
galloping horse, the downward thrust of the head can auto¬ 
matically provide reflex thrust of the forelimbs to move the 
animal forward for the next gallop. 


VESTiBVLAR MECHAMtSM FOR 
STABiUZFVG THE EYES 

When a person changes his direction of movement rapidly, 
or even leans his head sideways, forward, or backward, it 
would be impossible for him to maintain a stable image on 
the retinae of his eyes unless he had some automatic control 
mechanism to stabilize the direction of gaze of the eyes. In 
addition, the eyes would be of little use in detecting an image 
unless they remained ''fixed" on each object long enough to 
gain a clear image. Fortunately, each time the head is sud¬ 
denly rotated, signals from the semicircular ducts cause the 
eyes to rotate in a direction equal and opposite to the rotation 
of the head. This results from reflexes transmitted from the 
canals through the vestibular nuclei and the medial longitu¬ 
dinal fasciculus to the ocular nuclei that were described in 
Chapter 13. 


OTHER FACTORS COACERXED WITH 
EQLTLIBRIVM 

The Neck Proprioceptors. The vestibular apparatus de¬ 
tects the orientation and movements only of the head. There¬ 
fore, it is essential that the nervous centers also receive ap¬ 
propriate information depicting the orientation of the head 
with respect to the body. This information is transmitted 
from the proprioceptors of the neck and body directly into 
the vestibular and reticular nuclei of the brain stem and also 
indirectly by way of the cerebellum. 

By far the most important proprioceptive information 
needed for the maintenance of equilibrium is that derived 
from the joint receptors of the neck. When the head is leaned in 
one direction by bending the neck, impulses from the neck 
proprioceptors keep the vestibular apparatus from giving the 
person a sense of malequilibrium. They do this by transmit¬ 
ting signals that exactly oppose the signals transmitted from 
the vestibular apparatuses. However, when the entire body 
leans in one direction, the impulses from the vestibular ap¬ 
paratuses are not opposed by the neck proprioceptors; there¬ 
fore, the person in this instance does perceive a change in 
equilibrium status of the entire body. 

The Neck Reflexes. In an animal whose vestibular appara¬ 
tuses have been destroyed, bending the neck causes immediate 
muscular reflexes called neck reflexes occurring especially in 
the forelimbs. For instance, bending the head forward causes 
both forelimbs to relax. However, when the vestibular appa¬ 
ratuses are intact, this effect does iwt occur because the ves¬ 
tibular reflexes function in a manner exactly opposite that of 
the neck reflexes. Because the equilibrium of the entire body 
and not of the head alone must be maintained, it is easy to 
understand that the vestibular and neck reflexes must func¬ 
tion oppositely. 

Proprioceptive and Exteroceptive Information from 
Other Parts of the Body. Proprioceptive information from 
other parts of the body besides the neck is also important in 
the maintenance of equilibrium. For instance, pressure sen¬ 
sations from the footpads can tell one (1) whether weight is 
distributed equally between the two feet and (2) whether 
weight is more forward or backward on the feet. 


An instance in which exteroceptive information is neces¬ 
sary for maintenance of equilibrium occurs when a person is 
running. The air pressure against the front of the body sig¬ 
nals that a force is opposing the body in a direction different 
from that caused by gravitational pull; as a result, the person 
leans forward to oppose this. 

Importance of Visual Information in the Maintenance 
of Equilibrium. After complete destruction of the vestibular 
apparatus, and even after loss of most proprioceptive infor¬ 
mation from the body, a person can still use the visual mech¬ 
anisms effectively for maintaining equilibrium. Even slight 
linear or rotational movement of the body instantaneously 
shifts the visual images on the retina, and this information is 
relayed to the equilibrium centers. Many persons with com¬ 
plete destruction of the vestibular apparatus have almost 
normal equilibrium as long as their eyes are open and as long 
as they perform all motions slowly. But when one is moving 
rapidly or when the eyes are closed, equilibrium is immedi¬ 
ately lost. 


A!euronai Connections of the Vestibular 
Apparatus uith the Central A'erious System 

Figure 17-13 illustrates the central connections of the ves¬ 
tibular nerve. Most of the vestibular nerve fibers end in the 
vestibular nuclei, which are located approximately at the 
junction of the medulla and the pons, but some fibers pass 
without synapsing to the brain stem reticular nuclei and the 
fastigial nuclei, uvula, and flocculonodular lobes of the cere¬ 
bellum. The fibers that end in the vestibular nuclei synapse 
with second-order neurons that also send fibers into these 
areas of the cerebellum as well as to the cortex of other 
portions of the cerebellum, into the vestibulospinal tracts, 
into the medial longitudinal fasciculus, and to other areas of 
the brain stem, particularly the reticular nuclei. 

The primary pathway for the reflexes of equilibrium 
begins in the vestibular nerves and passes next to both the 
vestibular nuclei and the cerebellum. Then, along with two- 
way traffic of impulses between these two, signals are also 
sent into the reticular nuclei of the brain stem as well as 
down the spinal cord via the vestibulospinal and reticulo¬ 
spinal tracts. In turn, the signals to the cord control the inter¬ 
play between facilitation and inhibition of the antigravity 
muscles, thus automatically controlling equilibrium. 
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Figure 1 7— 13. Connections of \'estibiilar nerv es in the central 
nerv ous system. 
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The flocculonodular lobes of the cerebellum seem to be 
especially concerned with equilibrium functions of the semi¬ 
circular ducts, because destruction of these lobes gives al¬ 
most exactly the same clinical symptoms as destruction of 
the semicircular ducts themselves. That is, severe injury to 
either of these structures causes loss of equilibrium during 
rapid changes in direction of motion but does not seriously 
disturb equilibrium under static conditions, as discussed ear¬ 
lier. It is also believed that the uvula of the cerebellum plays a 
similar important role in static equilibrium. 

Signals transmitted upward in the brain stem from both 
the vestibular nuclei and the cerebellum via the medial longi¬ 
tudinal fasciculus cause corrective movements of the eyes 
ever\^ time the head rotates, so that the eyes can remain fixed 
on a specific visual object. Signals also pass upward (either 
through this same tract or through reticular tracts) to the 
cerebral cortex, probably terminating in a primary cortical 
center for equilibrium located in the parietal lobe deep in the 
sylvian fissure, on the opposite side of the fissure from the 
auditory area of the superior temporal gyrus. These signals 
apprise the psyche of the equilibrium status of the body. 

The vestibular nuclei on either side of the brain stem are 
divided into four separate subdivisions: (1 and 2) the superior 
and medial vestibular nuclei, which receive signals mainly 
from the semicircular ducts and in turn send large numbers 
of nerve signals into the medial longitudinal fasciculus to 
cause corrective movements of the eyes as well as signals 
through the medial vestibulospinal tract to cause appropriate 
movements of the neck and head; (3) the lateral vestibular 
nucleus, which receives its innervation primarily from the 
utricle and saccule and in turn transmits outflow signals to 
the spinal cord through the lateral vestibulospinal tract to 
control body movement; (4) the inferior vestibular nucleus, 
which receives signals from both the semicircular ducts and 
the utricle and in turn sends signals into both the cerebellum 
and the reticular formation of the brain stem. 


■ FU\CTIO\S OF SPECIFIC BRAI\ STEM 
NUCLEI I.\ CO.\TROLLL\G 
SIJRCO.\SCIOLS, STEREOTYPED 
MOXTEMEXTS 

Rarely, a child called an anencephalic monsterisbom without 
brain structures above the mesencephalic region, and some 
of these children have been kept alive for many months. 
They are able to perform essentially all of the functions of 
feeding, such as suckling, extrusion of unpleasant food from 
the mouth, and moving the hands to the mouth to suck the 
fingers. In addition, they can yawn and stretch. They can cry 
and follow objects with movements of the eyes and head. 
Also, placing pressure on the upper anterior parts of their 
legs will cause them to pull to the sitting position. 

Therefore, it is obvious that many of the stereotyped 
motor functions of the human being are integrated in the 
brain stem. Unfortunately, the loci of most of the different 
motor control systems have not been found except for the 
following: 

Stereotyped Body Movements. Most movements of the 
trunk and head can be classified into several simple move¬ 
ments, such as forward flexion, extension, rotation, and 
turning movements of the entire body. These types of move¬ 
ments are controlled by special nuclei located mainly in the 
mesencephalic and lower diencephalic region. For instance, 
rotational movements of the head and eyes are controlled by 
the interstitial nucleus. This nucleus lies in the mesencepha¬ 
lon in close approximation to the medial longitudinal fascicu¬ 


lus, through which it transmits a major portion of its control 
impulses. The raising movements of the head and body are 
controlled by the prestitial nucleus, which is located approxi¬ 
mately at the juncture of the diencephalon and mesencepha¬ 
lon. On the other hand, the flexing movements of the head 
and body are controlled by the nucleus precommissuralis lo¬ 
cated at the level of the posterior commissure. Finally, the 
turning movements of the entire body, which are much more 
complicated, involve both the pontile and mesencephalic 
reticular nuclei. 
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The Cerebellum^ the Basal 
Ganglia^ and Overall Motor 
Control 


Aside from the cerebral cortical areas for control of 
muscle activity, two other brain structures are also es¬ 
sential for normal motor function. These are the cere¬ 
bellum and the basal ganglia. Yet neither of these two 
can initiate muscle function by themselves. Instead, 
they always function in association with other systems of 
motor control. 

Basically, the cerebellum plays major roles in the 
timing of motor activities and in rapid progression 
from one movement to the next; it also helps to control 
the instantaneous interplay between agonist and an¬ 
tagonist muscle groups. 

The basal ganglia, on the other hand, help to control 
complex patterns of muscle movement, controlling the 
relative intensities of movements, directions of move¬ 
ment, and sequencing of multiple successive and par¬ 
allel movements for achieving specific motor goals. 

It is the purpose of this chapter to explain the basic 
mechanisms of function of the cerebellum and basal 
ganglia and also to discuss what we know about the 
overall brain mechanisms for achieving the intricate 
coordination of total motor activity. 


■ THE CEREBELLUM AIVD ITS 
MOTOR FUIVCTIOIVS 

The cerebellum has long been called a silent area of the 
brain, principally because electrical excitation of this 
structure does not cause any sensation and rarely any 
motor movement. However, as we shall see, removal 
of the cerebellum does cause movement to become 
highly abnormal. The cerebellum is especially vital to 
the control of rapid muscular activities such as run¬ 
ning, typing, playing the piano, and even talking. Loss 
of this area of the brain can cause almost total incoor¬ 
dination of these activities even though its loss causes 
paralysis of no muscles. 


But how is it that the cerebellum can be so important 
when it has no direct ability to cause muscle contrac¬ 
tion? The answer to this is that it both helps sequence 
the motor activities and also monitors and makes correc¬ 
tive adjustments in the motor activities elicited by other 
parts of the brain. It receives continuously updated in¬ 
formation on the desired program of muscle contrac¬ 
tions from the motor control areas of the other parts of 
the brain; and it receives continuous sensory informa¬ 
tion from the peripheral parts of the body to determine 
the sequential changes in the status of each part of the 
body — its position, its rate of movement, forces acting 
on it, and so forth. The cerebellum compares the actual 
movements as depicted by the peripheral sensory 
feedback information with the movements intended 
by the motor system. If the two do not compare favor¬ 
ably, then appropriate corrective signals are transmit¬ 
ted instantaneously back into the motor system to in¬ 
crease or decrease the levels of activation of the specific 
muscles. 

In addition, the cerebellum aids the cerebral cortex 
in planning the next sequential movement a fraction of 
a second in advance while the present movement is 
still being executed, thus helping one to progress 
smoothly from one movement to the next. Also, it 
learns by its mistakes — that is, if a movement does not 
occur exactly as intended, the cerebellar circuit learns 
to make a stronger or weaker movement the next time. 
To do this, long-lasting changes occur in the excitabil¬ 
ity of the appropriate cerebellar neurons, thus bringing 
the subsequent contractions into better correspon¬ 
dence with the intended movements. 


THE AIMATOHICAL EVIVCTiOSAL AREAS OF 
THE CEREBELLUM 

Anatomically, the cerebellum is divided into three separate 
lobes by two deep fissures, as shown in Figures 18-1 and 
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Anterior lobe 



Figure 18-1. The anatomical lobes of the cerebellum as seen 
from the lateral side. 


18-2: (1) the anterior lobe, (2) the posterior lobe, and (3) the 
flocculonodular lobe. The flocculonodular lobe is the oldest of 
all portions of the cerebellum; it developed along with (and 
functions with) the vestibular system in controlling equilib¬ 
rium, as discussed in the previous chapter. 

The Longitudinal Functional Divisions of the Anterior 
and Posterior Lobes. From a functional point of view, the 
anterior and posterior lobes are organized not by lobes, but 
instead along the longitudinal axis, as illustrated in Figure 
18-2, w'hich shows the human cerebellum after the lower 
end of the posterior cerebellum has been rolled downward 
from its normally hidden position. Note down the center of 
the cerebellum a narrow' band separated from the remainder 
of the cerebellum by shallow grooves. This is called the 
vermis. In this area most cerebellar control functions for the 
muscle movements of the axial body, the neck, and the 
shoulders and hips are located. 

To each side of the vermis is a large, laterally protruding 
cerebellar hemisphere, and each of these hemispheres is di¬ 
vided into an intermediate zone and a lateral zone. 

The intermediate zone of the hemisphere is concerned 
with the control of muscular contractions in the distal por¬ 
tions of the upper and lower limbs, especially of the hands 
and fingers and feet and toes. 
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Figure 18 — 2. The functional parts of the cerebellum as seen 
from the posteroinferior view, with the inferiormost portion of 
the cerebellum rolled outward to flatten the surface. 


The lateral zone of the hemisphere operates at a much 
more remote level, for this area joins in the overall planning 
of sequential motor movements. Without this lateral zone, 
most discrete motor activities of the body lose their appropri¬ 
ate timing and therefore become incoordinate, as w'e discuss 
more fully later. 

Topographical Representation of the Body in the 
Vermis and Intermediate Zones. In the same manner that 
the sensory cortex, the motor cortex, the basal ganglia, the 
red nuclei, and the reticular formation all have topographical 
representations of the different parts of the body, so also is 
this true for the vermis and intermediate zones of the cere¬ 
bellum. Figure 18-3 illustrates two separate such represen¬ 
tations. Note that the axial portions of the body lie in the 
vermal part of the cerebellum, w'hereas the limbs and facial 
regions lie in the intermediate zones. These topographical 
representations receive afferent nerve signals from all the 
respective parts of the body as well as from the correspond¬ 
ing topographical areas of the motor cortex and brain stem 
motor areas. In turn, they send motor signals into the same 
respective topographical areas of the motor cortex, the red 
nucleus, and the reticular formation. 

How'ever, note that the large lateral portions of the cere¬ 
bellar hemispheres do not have topographical representa¬ 
tions of the body. These areas of the cerebellum connect 
mainly with corresponding association areas of the cerebral 
cortex, especially the premotor area of the frontal cortex and 
the somatic sensory and sensory association areas of the pa¬ 
rietal cortex. Presumably this connectivity with the associa¬ 
tion areas allow's the lateral portions of the cerebellar hemi¬ 
spheres to play important roles in planning and coordinating 
the sequential muscular activities. 


The Input Pathways to the Cerebellum 

Afferent Pathways From the Brain. The basic input 
pathways to the cerebellum are illustrated in Figure 18-4. 
An extensive and important afferent pathway is the cortico- 
pontocerebellar pathway, which originates mainly in the 
motor and premotor cortices but to a lesser extent in the sen¬ 
sory cortex as w'ell and then passes by way of the pontile 
nuclei and pontocerebellar tracts to the contralateral hemi¬ 
sphere of the cerebellum. 

In addition, important afferent tracts originate in the brain 
stem; they include (1) an extensive olivocerebellar tract. 



Figure 18 — 3. The somatic sensory projection areas in the cere¬ 
bellar cortex. 
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Figure 18-4. The principal afferent tracts to the cerebellum. 


which passes from the inferior olive to all parts of the cerebel¬ 
lum and is excited by fibers from the motor cortex, the basal 
ganglia, widespread areas of the reticular formation, and the 
spinal cord; (2) vestibulocerebellar fibers, some of which origi¬ 
nate in the vestibular apparatus itself and others from the 
vestibular nuclei and most of which terminate in the floccu¬ 
lonodular lobe and fastigial nucleus of the cerebellum; and (3) 
reticulocerebellar fibers, which originate in different portions 
of the reticular formation and terminate mainly in the mid¬ 
line cerebellar areas (the vermis). 

Afferent Pathways From the Periphery. The cerebellum 
also receives important sensory signals directly from the pe¬ 
ripheral parts of the body through four separate tracts, two 
of which are located dorsally in the cord and two ventrally. 
The two most important of these tracts are illustrated in Fig¬ 
ure 18-5: the dorsal spinocerebellar tract and the ventral spin¬ 
ocerebellar tract (plus similar tracts from the neck and facial 
regions). The dorsal tracts enter the cerebellum through the 


Superior cerebellar 



inferior cerebellar peduncle and terminate in the vermis and 
intermediate zones of the cerebellum on the same side as 
their origin. The two ventral tracts enter the same areas of the 
cerebellum through the superior cerebellar peduncle, but 
they terminate in both sides of the cerebellum. 

The signals transmitted in the dorsal spinocerebellar tracts 
come mainly from the muscle spindles and to a lesser extent 
from other somatic receptors throughout the body, such as 
from the Golgi tendon organs, the large tactile receptors of 
the skin, and the joint receptors. All these signals apprise the 
cerebellum of the momentary status of muscle contraction, 
degree of tension on the muscle tendons, positions and rates 
of movement of the parts of the body, and forces acting on 
the surfaces of the body. 

On the other hand, the ventral spinocerebellar tracts re¬ 
ceive less information from the peripheral receptors. Instead, 
they are excited mainly by the motor signals arriving in the 
anterior horns of the spinal cord from the brain through the 
corticospinal and rubrospinal tracts as well as from the inter¬ 
nal motor pattern generators in the cord itself. Thus, this 
ventral fiber pathway tells the cerebellum what motor sig¬ 
nals have arrived at the anterior horns; this feedback is called 
the efference copy of the anterior horn motor drive. 

The spinocerebellar pathways can transmit impulses at 
velocities of up to 120 m/sec, which is the most rapid con¬ 
duction of any pathway in the entire central nervous system. 
This extremely rapid conduction is important for the instan¬ 
taneous apprisal of the cerebellum of the changes that take 
place in peripheral motor actions. 

In addition to the signals in the spinocerebellar tracts, 
other signals are transmitted through the dorsal columns to 
the dorsal column nuclei of the medulla and then relayed 
from there to the cerebellum. Likewise, signals are transmit¬ 
ted through the spinoreticular pathway to the reticular forma¬ 
tion of the brain stem and through the spino-olivary pathway 
to the inferior olivary nucleus and then relayed from both 
these areas to the cerebellum. Thus, the cerebellum contin¬ 
ually collects information about all parts of the body even 
though it is operating at a subconscious level. 

Output Signals From the Cerebellum 

The Deep Cerebellar Nuclei and the Efferent Pathways. 
Located deep in the cerebellar mass are three deep cerebellar 
nuclei —the dentate, interpositus, and fastigial The vestibular 
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nuclei in the medulla also function in some respects as if they 
were deep cerebellar nuclei because of their direct connec¬ 
tions with the cortex of the flocculonodular lobe. All the deep 
cerebellar nuclei receive signals from two different sources; 
(1) the cerebellar cortex and (2) the sensor)^ afferent tracts to 
the cerebellum. Each time an input signal arrives in the cere¬ 
bellum, it divides and goes in two directions: (1) directly to 
one of the deep nuclei and (2) to a corresponding area of the 
cerebellar cortex overlying the deep nucleus. Then, a short 
time later, the cerebellar cortex relays its output signals back 
to the same deep nucleus. Thus, all the input signals that 
enter the cerebellum eventually end in the deep nuclei, from 
which output signals are then distributed to other parts of 
the brain. 

Three major efferent pathw'ays lead out of the cerebellum, 
as illustrated in Figure 18-6: 

1. A pathw^ay that originates in the midline structures of the 
cerebellum (the vermis) and then passes through ihefastigial 
nuclei into the medullary and pontile regions of the brain stem. 
This circuit functions in close association with the equilib¬ 
rium apparatus to help control equilibrium and also, in asso¬ 
ciation w'ith the reticular formation of the brain stem, to help 
control the postural attitudes of the body. It w'as discussed in 
detail in the previous chapter in relation to equilibrium. 

2. A pathw'ay that originates in the intermediate zone of the 
cerebellar hemisphere, then passes (a) through the nucleus 
interpositus to the ventrolateral and ventroanterior nuclei of the 
thalamus, and thence to the cerebral cortex, (b) to several 
midline structures of the thalamus and thence to the basal 
ganglia, and (c) to the red nucleus and reticular formation of 
the upper portion of the brain stem. This circuit is believed to 
coordinate mainly the reciprocal contractions of agonist and 
antagonist muscles in the peripheral portions of the limbs — 
especially in the hands, fingers, and thumbs. 

3. A pathway that begins in the cortex of the lateral zone of 
the cerebellar hemisphere, then passes to the dentate nucleus, 
next to the ventrolateral and ventroanterior nuclei of the thala¬ 
mus, and finally to the cerebral cortex. This pathw'ay plays an 
important role in helping coordinate sequential motor activi¬ 
ties initiated by the cerebral cortex. 


THE iXEVROXAL CIRCVIT OF THE 
CEREBELLLLH 

The human cerebellar cortex is actually a large folded 
sheet, approximately 17 cm wide by 120 cm long, with 
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Figure 18-6. Principal etterenl tracts from the cerebellum. 


the folds lying crosswise, as illustrated in Figures 18-2 
and 18-3. Each fold is called a folium. Lying deep in 
the folded mass of cortex are the deep nuclei. 

The Functional Unit of the Cerebellar Cortex — 
The Purkinje Cell and the Deep Nuclear Cell. The 
cerebellum has approximately 30 million nearly iden¬ 
tical functional units, one of w^hich is illustrated to the 
left in Figure 18-7. This functional unit centers on a 
single very large Purkinje cell, 30 million of w^hich are 
in the cerebellar cortex. 

To the right in Figure 18-7, the three major layers of 
the cerebellar cortex are illustrated, the molecular layer, 
the Purkinje cell layer, and the granular cell layer. And 
far beneath these cortical layers, in the center of the 
cerebellar mass, are the deep nuclei. 

The Neuronal Circuit of the Functional Unit. As 
illustrated in the left half of Figure 18-7, the output 
from the functional unit is from a deep nuclear cell. 
However, this cell is continually under the influence of 
both excitatorv^ and inhibitory influences. The excit¬ 
atory influences arise from direct connections with the 
afferent fibers that enter the cerebellum from the brain 
or the periphery. The inhibitory influences arise en¬ 
tirely from the Purkinje cell in the cortex of the cere¬ 
bellum. 

The afferent inputs to the cerebellum are mainly of 
two types, one called the climbing fiber type and the 
other called the mossy fiber type. 

The climbing fibers all originate from the inferior oli¬ 
vary complex of the medulla. There is one climbing fiber 
for about 10 Purkinje cells. After sending branches to 
several deep nuclear cells, the climbing fiber projects 
all the way to the molecular layer of the cerebellar 
cortex, where it makes about 300 synapses with the 
soma and dendrites of each Purkinje cell. This climb¬ 
ing fiber is distinguished by the fact that a single im¬ 
pulse in it vvill alw^ays cause a single, very prolonged 
(up to 1 sec), and peculiar oscillatory type of action 
potential in each Purkinje cell with w^hich it connects. 
This action potential is called the complex spike. 
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Figure 18 — 7. The left side of this figure shows the basic neuro¬ 
nal circuit of the cerebellum, with e.xcitatory neurons shown in 
red. To the right is illustrated the physical relationship of the deep 
cerebellar nuclei lo the cerebellar cortex with its three layers. 
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The mossy fibers are all the other fibers that enter 
the cerebellum from multiple sources: the higher 
brain, the brain stem, and the spinal cord. These fibers 
also send collaterals to excite deep nuclear cells. Then 
they proceed to the granular layer of the cortex, where 
they synapse with hundreds of granule cells. In turn, 
the granule cells send very small axons, less than 1 //m 
in diameter, up to the outer surface of the cerebellar 
cortex to enter the molecular layer. Here the axons 
divide into two branches that extend 1 to 2 mm in each 
direction parallel to the folia. There are literally billions 
of these parallel nerve fibers, for there are some 500 to 
1000 granule cells for every Purkinje cell. It is into this 
molecular layer that the dendrites of the Purkinje cells 
project, and 80,000 to 200,000 of these parallel fibers 
synapse with each Purkinje cell. As these fibers pass 
along their 1 to 2 mm course, each of them contacts 
about 250 to 500 Purkinje cells. 

Yet the mossy fiber input to the Purkinje cell is quite 
different from the climbing fiber input because their 
synaptic connections are very weak, so that large num¬ 
bers of mossy fibers must be stimulated simulta¬ 
neously to alter the activation of the Purkinje cell. Fur¬ 
thermore, this activation usually takes the form of 
facilitation or excitation that causes repetitive Purkinje 
cell firing of short-duration action potentials called 
simple spikes, rather than the prolonged complex ac¬ 
tion potential occurring in response to the climbing 
fiber input. 

Continual Firing of the Cerebellum Purkinje 
Cells and Deep Nuclear Cells Under Normal Rest¬ 
ing Conditions. One of the characteristics of both the 
Purkinje cells and the deep nuclear cells is that nor¬ 
mally they fire continually, the Purkinje cell fires at 
about 50 to 100 action potentials/sec and the deep 
nuclear cells at still much higher rates. Therefore, the 
output activity of both these cells can be modulated 
either upward or downward. For instance, a decrease 
in the firing rate of the deep nuclear cells below the 
normal level would actually provide an inhibitory out¬ 
put signal to the motor system. On the other hand, any 
factor that should increase the firing rate above normal 
would provide an excitatory output signal. In this way, 
the cerebellum can provide either excitation or inhibi¬ 
tion as the need arises. 

Balance Between Excitation and Inhibition of the 
Deep Cerebellar Nuclei. Referring again to the circuit 
of Figure 18-7, one should note that direct stimulation of 
the deep nuclear cells by both the climbing and the mossy 
fibers excites them. By contrast, the signals arriving from 
the Purkinje cells inhibit them. Normally, the balance 
between these two effects is slightly in favor of excita¬ 
tion, so that the output from the deep nuclear cell 
remains relatively constant at a moderate level of con¬ 
tinuous stimulation. On the other hand, in the execu¬ 
tion of rapid motor movements, the timing of the two 
effects on the deep nuclei is such that the excitation 
appears before the inhibition. Then a few milliseconds 
later inhibition occurs. In this way, there is first a very 
rapid excitatory signal fed back into the motor path¬ 
way to modify the motor movement, but this is fol¬ 
lowed within a few milliseconds by an inhibitory sig¬ 


nal. This inhibitory signal resembles a '"delay-line" 
negative feedback signal of the type that is very effec¬ 
tive in providing damping. That is, when the motor 
system is excited, a negative feedback signal presum¬ 
ably occurs after a short delay to stop the muscle move¬ 
ment from overshooting its mark, which is the usual 
cause of oscillation. 

Other Inhibitory Cells in the Cerebellar Cortex. In ad¬ 
dition to the granule cells and Purkinje cells, three other 
types of neurons are also located in the cerebellar cortex: 
basket cells, stellate cells, and Golgi cells. All of these are 
inhibitory ceils with very short axons. Both the basket cells 
and the stellate cells are located in the molecular layer of the 
cortex, lying among and stimulated by the parallel fibers. 
These cells in turn send their axons at right angles across the 
parallel fibers and cause lateral inhibition of the adjacent 
Purkinje cells, thus sharpening the signal in the same man¬ 
ner that lateral inhibition sharpens the contrast of signals in 
many other areas of the nervous system. The Golgi cells, on 
the other hand, lie beneath the parallel fibers, though their 
dendrites are also stimulated by the parallel fibers. Their 
axons then feed back to inhibit the granule cells. The func¬ 
tion of this feedback is to limit the duration of the signal 
transmitted into the cerebellar cortex from the granule cells. 
That is, within a short fraction of a second after the granule 
cells are stimulated, their initial burst of excitation is reduced 
back to a lower level of excitation that is sustained only as 
long as the input signal lasts. 

The Turn-On/Turn-Off and Turn-Off/ 

Turn-On Output Signals From the 
Cerebellum 

The typical function of the cerebellum is to help pro¬ 
vide rapid tum-on signals for agonist muscles and si¬ 
multaneous reciprocal turn-off signals for the antago¬ 
nist muscles at the onset of a movement. Then, at the 
termination of the movement, the cerebellum is 
mainly responsible for timing and executing the turn¬ 
off signals to the agonists and tum-on signals to the 
antagonists. Although the exact means by which the 
cerebellum achieves these tum-on and turn-off signals 
are not fully known, one can speculate from the basic 
cerebellar circuit of Figure 18-7 how this might work 
as follows: 

First, let us suppose that the tum-on/tum-off pat¬ 
tern of agonist/antagonist contraction at the onset of 
movement begins with signals from the cerebral cortex 
that pass directly to the agonist muscle to begin the 
initial contraction. At the same time, parallel signals 
are also sent by way of the pontile mossy fibers into the 
cerebellum. One branch of each mossy fiber goes di¬ 
rectly to deep nuclear cells in the dentate or other deep 
nucleus; this instantly sends an excitatory signal back 
into the corticospinal motor system, either by way of 
the return signals through the thalamus to the cortex or 
by way of neuronal circuitry in the brain stem, to sup¬ 
port the muscle contraction signal that had already 
been begun by the cerebral cortex. As a consequence, 
the tum-on signal, after a few milliseconds, becomes 
even more powerful than it was at the start because it is 
now the sum of both the cortical and the cerebellar 
signals. This is the normal effect when the cerebellum 
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is intact, but in the absence of the cerebellum the sec¬ 
ondary extra supportive signal is missing. Obviously, 
this cerebellar support makes the turn-on muscle con¬ 
traction much stronger than it otherwise would be. 

Now, what causes the turn-off signal for the agonist 
muscles at the termination of the movement? Re¬ 
member that all mossy fibers have a second branch 
that transmits signals by way of the granule cells to the 
cerebellar cortex and eventually to the Purkinje cells, 
and the Purkinje cells in turn inhibit the deep nuclear 
cells. This pathway passes through some of the small¬ 
est nerve fibers known in the entire nervous system, 
the parallel fibers of the cerebellar cortical molecular 
layer that have diameters of only a fraction of a milli¬ 
meter. Also, the signals from these fibers are weak, so 
that they require a finite period of time to build up 
enough excitation in the dendrites of the Purkinje cell 
to excite it. But once the Purkinje cell is excited, it sends 
inhibitory signals to the same deep nuclear cells that 
had originally turned on the movement. Therefore, 
theoretically, this could turn off the cerebellar excita¬ 
tion of the agonist muscles. 

Thus, one can see how this circuit could cause a 
rapid tum-on of agonist contraction at the beginning 
of a movement and yet cause also a precisely timed 
turn-off of the same agonist contraction after a given 
period of time. 

Now let us speculate on a circuit for the antagonist 
muscles. Most importantly, remember that throughout 
the spinal cord, there are reciprocal agonist/antagonist 
circuits for virtually every movement that the cord can 
initiate. Therefore, these circuits are probably the 
major basis for the antagonist turn-off at the onset of 
movement and tum-on at its termination, always mir¬ 
roring whatever occurs in the agonist muscles. But we 
must remember, too, that the cerebellum contains sev¬ 
eral other types of inhibitory cells besides the Purkinje 
cells. The functions of some of these are still to be 
determined; these, too, could play roles in the initial 
inhibition of the antagonist muscles and then subse¬ 
quent excitation. 

Obviously, these theoretical mechanisms are still 
mainly speculation. They are presented here only to 
illustrate possible ways by which the cerebellum could 
indeed cause reciprocal tum-on and turn-off signals in 
the agonist and antagonist muscles, and with con¬ 
trolled timing as well. 


The Purkinje Cells Can ** Learn** to 
Correct Motor Errors — The Role of the 
Climbing Fibers 

The degree to which the cerebellum supports the onset 
and offset of muscle contractions, as well as the timing 
of the contractions, can be learned by the cerebellum 
itself. Typically, when a person first performs a new 
motor act, the degree of motor enhancement provided 
by the cerebellum to the onset agonist contraction, the 
degree of onset inhibition of the antagonist, the timing 
of the offset, the extent of inhibition of the agonist at 
the offset, and the extent of contraction of the antago¬ 


nist at the offset, all are almost always incorrect for 
precise performance of the movement. But after the act 
has been performed many times, these individual 
events become progressively more precise in perform¬ 
ing the movement exactly as desired, sometimes re¬ 
quiring only a few movements before the desired re¬ 
sult is achieved but at other times requiring hundreds 
of movements. 

Yet how do these adjustments come about? The 
exact answer is not known, although it is known that 
sensitivity levels of cerebellar circuits themselves pro¬ 
gressively adapt during the training process. For in¬ 
stance, the sensitivity of the Purkinje cells to respond 
to the parallel fibers from the granule cells becomes 
altered. Furthermore, research studies suggest that this 
sensitivity change is brought about by signals from the 
climbing fibers entering the cerebellum from the infe¬ 
rior olivary complex. These signals adjust the long¬ 
term sensitivity of the Purkinje cells to stimulation by 
the parallel fibers. 

Under resting conditions, the climbing fibers fire 
about once per second. But each time they do fire, they 
cause extreme depolarization of the entire dendritic 
tree of the Purkinje cell, lasting for up to a second. 
During this time, the Purkinje cell fires with one initial 
very strong output spike followed by a series of oscilla¬ 
tory waves in the membrane potential. When a person 
performs a new movement for the first time and the 
achieved movement does not match the intended 
movement, the firing by the climbing fibers changes 
markedly, either greatly increased or decreased as 
needed, up to a maximum of about 4/sec or all the way 
down to zero. These changes in stimulatory rate are 
believed to alter the long-term sensitivity of the Pur¬ 
kinje cells to the subsequent signals from the mossy 
fiber circuit. That is, the greater or lesser the climbing 
fiber input, the greater becomes the accumulative 
change in long-term sensitivity to the mossy fiber 
input. Over a period of time, this change in sensitivity, 
along with other possible "learning" functions of the 
cerebellum, is believed to make the timing and other 
aspects of cerebellar control of movements approach 
perfection. When this has been achieved, the climbing 
fibers no longer send their "error" signals to the cere¬ 
bellum to cause further change. 

Finally, we need to answer how the climbing fibers 
themselves know to alter their own rate of firing when 
a performed movement is imperfect. What is known 
about this is that the inferior olivary complex receives 
full information from the corticospinal tracts as well as 
from the motor centers of the brain stem detailing the 
intent of each motor movement; and it also receives full 
information from the sensory nerve endings in the 
muscles and surrounding tissues detailing the move¬ 
ment that actually occurs. Therefore, it is presumed 
that the inferior olivary complex then functions as a 
comparator to test how well the actual performance 
matches the intended performance. If there is a match, 
no change in firing of the climbing fibers occurs. But if 
there is a mismatch, then the climbing fibers are stimu¬ 
lated or inhibited as needed in proportion to the degree 
of mismatch, thus leading to progressive changes in 
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Purkinje cell sensitivity until no further mismatch 
occurs — or so the theory goes. 


OVERALL FViXCTiOX OF THE 
CEREBELLmt L\ COiXTROLLLXG 
ROlE3IEi\TS 

It is already clear that the cerebellum functions in 
motor control only in association with motor activities 
initiated elsewhere in the nervous system. These activ¬ 
ities may originate in the spinal cord, in the brain stem 
reticular nuclei, or in the cerebral cortex. We discuss 
first the operation of the cerebellum in association with 
the spinal cord and brain stem for control of postural 
movements and equilibrium and then discuss its func¬ 
tion in association with the motor cortex for control of 
voluntary movements. 


FV\CTIO\ OF THE CEREBELLVH 
WITH THE SPLXAL CORD Ai\D BRALX 
STEH TO CONTROL POSTURAL AND 
EQCILIBRHJM MOVEMENTS 

The cerebellum originated phylogenetically at about 
the same time that the vestibular apparatus developed. 
Furthermore, as discussed in the previous chapter, loss 
of the flocculonodular lobes and portions of the vermis 
of the cerebellum causes extreme disturbance of equi¬ 
librium. 

Yet we still must ask the question, what role does the 
cerebellum play in equilibrium that cannot be pro¬ 
vided by the other neuronal machinery of the brain 
stem? A clue is the fact that in persons with cerebellar 
dysfunction, equilibrium is far more disturbed during 
performance of rapid motions than during stasis — 
especially so when the movements involve changes in 
direction that stimulate the semicircular ducts. This 
suggests that the cerebellum is especially important in 
controlling the balance between agonist and antago¬ 
nist muscle contractions during rapid changes in body 
positions as dictated by the vestibular apparatus. 

One of the major problems in controlling balance is 
the time required to transmit position signals and ve¬ 
locity of movement signals from the different parts of 
the body to the brain. Even when the most rapidly 
conducting sensory pathways, up to 120 m/sec, are 
used, as by the spinocerebellar system, the delay for 
transmission from the feet to the brain is still 15 to 20 
msec. The feet of a person running rapidly can move as 
much as 10 in. during this time. Therefore, it is never 
possible for the return signals from the peripheral parts 
of the body to reach the brain at the same time that the 
movements actually occur. How, then, is it possible for 
the brain to know when to stop a movement in order to 
perform the next sequential act, especially when the 
movements are performed very rapidly? The answer is 
that the signals from the periphery tell the brain not 
only positions of the different parts of the body but 
also how rapidly and in what directions they are mov¬ 
ing. It is the function of the cerebellum then to calculate 


from these rates and directions where the different 
parts of the body will be during the next few millisec¬ 
onds. The results of these calculations are the key to 
the brain's progression to the next sequential move¬ 
ment. 

Thus, during the control of equilibrium, it is pre¬ 
sumed that the information from the vestibular appa¬ 
ratus is used in a typical feedback control circuit to 
provide almost instantaneous correction of postural 
motor signals as necessary for maintaining equilibrium 
even during extremely rapid motion, including rapidly 
changing directions of motion. The feedback signals 
from the peripheral areas of the body help in this pro¬ 
cess. Their help is mediated mainly through the cere¬ 
bellar vermis that functions in association with the axial 
and girdle muscles of the body; it is the role of the 
cerebellum to compute actual positions of the respec¬ 
tive parts of the body at any given time, despite the 
long delay time from the periphery to the cerebellum. 


FUNCTION OF THE CEREBELLUM IN 
VOLUNTARY MUSCLE CONTROL 

In addition to the feedback circuitry between the body 
periphery and the cerebellum, an almost entirely inde¬ 
pendent feedback circuitry exists between the motor 
cortex of the cerebrum and the cerebellum. This cir¬ 
cuitry affects only slightly if at all the control of equi¬ 
librium and other postural movements of the axial and 
girdle muscles of the body. Instead, it serves two other 
principal functions: (1) It helps the cerebral cortex to 
coordinate patterns of movement involving mostly the 
distal parts of the limbs—especially the hands, 
fingers, and feet. The part of the cerebellum involved 
in this function is mainly the intermediate zone of the 
cerebellar cortex and its associated nucleus interpositus. 
(2) It helps the cerebral cortex to plan the timing and 
sequencing of the next successive movement that will 
be performed after the present movement is com¬ 
pleted. The part of the cerebellum involved in this is 
the large lateral zone of the cerebellar hemisphere, along 
with its associated dentate nucleus. Let us discuss each 
of these two functions separately. 

Cerebellar Feedback Control of Distal 
Limb Movements by Way of the 
Intermediate Cerebellar Cortex and the 
Nucleus Interpositus 

As illustrated in Figure 18-8, the intermediate zone of 
each cerebellar hemisphere receives two types of in¬ 
formation when a movement is performed: (1) direct 
information from the motor cortex and red nucleus, 
telling the cerebellum the sequential intended plan of 
movement for the next few fractions of a second; and 
(2) feedback information from the peripheral parts of 
the body, especially from the distal parts of the limbs, 
telling the cerebellum what actual movements result. 
After the intermediate zone of the cerebellum has 
compared the intended movements with the actual 
movement, the nucleus interpositus sends corrective 
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Figure 18 — 8. Cerebral and cerebellar control of voluntary 
movements, involving especially the intermediate zone of the cer¬ 
ebellar cortex and its associated nucleus interpositus. 


output signals (a) back to the motor cortex through relay 
nuclei in the thalamus and (b) to the magnocellular por¬ 
tion (the lower portion) of the red nucleus, which gives 
rise to the rubrospinal tract. The rubrospinal tract, in 
turn, joins the corticospinal tract in innervating the 
lateralmost motor neurons in the anterior horns of the 
spinal cord gray matter, the neurons that control the 
distal parts of the limbs, particularly the hands and 
fingers. 

This part of the cerebellar motor control system pro¬ 
vides smooth, coordinate movements of the agonist 
and antagonist muscles of the distal limbs for the per¬ 
formance of acute purposeful patterned movements. 
The cerebellum seems to compare the "'intentions" of 
the higher levels of the motor control system, as trans¬ 
mitted to the intermediate cerebellar zone through the 
corticopontocerebellar tract, with the "performance" 
by the respective parts of the body as transmitted back 
to the cerebellum from the periphery. In fact, the ven¬ 
tral spinocerebellar tract even transmits back to the 
cerebellum an "efference" copy of the actual motor 
control signals that reach the anterior motor neurons, 
and this, too, is integrated with the signals arriving 
from the muscle spindles and other proprioceptor sen¬ 
sory organs. We learned earlier that similar comparator 
signals also go to the inferior olivary complex; if the 
signals do not compare favorably, the olivary-Purkinje 
cell system, along with possible other cerebellar learn¬ 
ing mechanisms, will eventually correct the motions 
until they perform the desired function. 


Once the cerebellum has learned its role in each 
pattern of movement, it provides rapid turn-on of ago¬ 
nist muscle activity at the onset of each movement 
while inhibiting the antagonist muscles. Then it con¬ 
tinues agonist contraction until near the end of the 
movement, when the cerebellar circuit again plays the 
major role in rapid turn-off of the agonist muscles and 
tum-on of the antagonist muscles. The point at which 
the reversal of excitation between agonist and antago¬ 
nist muscles occurs depends on (1) the rate of move¬ 
ment and (2) the previously learned knowledge of the 
inertia of the system. The faster the movement and the 
greater the inertia, the earlier the reversal point must 
occur in the course of movement to stop the movement 
at the proper point. 

Function of the Cerebellum to Prevent Overshoot 
of Movements and to "Damp" Movements. Almost 
all movements of the body are "pendular." For in¬ 
stance, when an arm is moved, momentum develops, 
and the momentum must be overcome before the 
movement can be stopped. Because of the momentum, 
all pendular movements have a tendency to overshoot. 
If overshooting does occur in a person whose cerebel¬ 
lum has been destroyed, the conscious centers of the 
cerebrum eventually recognize this and initiate a 
movement in the opposite direction to bring the arm to 
its intended position. But again the arm, by virtue of its 
momentum, overshoots, and appropriate corrective 
signals must again be instituted. Thus, the arm oscil¬ 
lates back and forth past its intended point for several 
cycles before it finally fixes on its mark. This effect is 
called an action tremor, or intention tremor. 

However, if the cerebellum is intact, appropriate 
learned, subconscious signals stop the movement pre¬ 
cisely at the intended point, thereby preventing the 
overshoot and also the tremor. This is the basic charac¬ 
teristic of a damping system. All control systems regu¬ 
lating pendular elements that have inertia must have 
damping circuits built into the mechanisms. In the 
motor control system of our central nervous system, 
the cerebellum provides most of this damping func¬ 
tion. 

Cerebellar Control of Ballistic Movements. Many 
rapid movements of the body, such as the movements 
of the fingers in typing, occur so rapidly that it is not 
possible to receive feedback information either from 
the periphery to the cerebellum or from the cerebellum 
back to the motor cortex before the movements are 
over. These movements are called ballistic movements, 
meaning that the entire movement is preplanned and 
is set into motion to go a specific distance and then to 
stop. Another important example is the saccadic move¬ 
ments of the eyes, in which the eyes jump from one 
position to the next when reading or when looking at 
successive points along a road as a person is moving in 
a car. 

Much can be understood about the function of the 
cerebellum by stud)fing the changes that occur in the 
ballistic movements when the cerebellum is removed. 
Three major changes occur; (1) the movements are 
slow to develop and do not have the extra onset surge 
that the cerebellum usually gives to an agonist move- 
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merit, (2) the force development is weak, and (3) the 
movements are slow to turn off, usually allowing the 
movement to go well beyond the intended mark. 
Therefore, in the absence of the cerebellar circuit, the 
motor cortex has to think extra hard to turn ballistic 
movements on and again has to think hard and take 
extra time to turn the movement off. Thus, the autom¬ 
atism of ballistic movements is lost. 

If one will consider once again the circuitry of the 
cerebellum as described earlier in the chapter, one will 
see that it is beautifully organized to perform this bi- 
phasic, first excitatory and then delayed inhibitory, 
function that is required for ballistic movements. One 
will also see that the time delay circuits of the cerebel¬ 
lar cortex are fundamental to this particular ability of 
the cerebellum. 

Function of the Large Lateral Zone of 
the Cerebellar Hemisphere — The 

Sequencing^* and * ^Timing** Functions 

In human beings, the lateral zones of the two cerebel¬ 
lar hemispheres have become very highly developed 
and greatly enlarged, along with the human ability to 
perform intricate sequential patterns of movement, es¬ 
pecially with the hands and fingers, and along with the 
ability to speak. Yet, strangely enough, these large lat¬ 
eral portions of the cerebellar hemispheres have no 
direct input of information from the peripheral parts of 
the body. Also, almost all the communication between 
these lateral cerebellar areas and the cortex is not with 
the primary motor cortex itself but instead with the 
premotor area and primary and association somatic 
sensory areas. Even so, destruction of the lateral por¬ 
tions of the cerebellar hemispheres along with their 
deep nuclei, the dentate nuclei, can lead to extreme 
incoordination of the purposeful movements of the 
hands, fingers, feet, and speech apparatus. This has 
been difficult to understand because of lack of direct 
communication between this part of the cerebellum 
and the primary motor cortex. However, recent experi¬ 
mental studies suggest that these portions of the cere¬ 
bellum are concerned with two other important 
aspects of motor control: (1) the planning of sequential 
movements and (2) the '"timing" of the sequential 
movements. 

The Planning of Sequential Movements. The 
planning of sequential movements seems to be related 
to the fact that the lateral hemispheres communicate 
with the premotor and sensory portions of the cerebral 
cortex and that there is also two-way communication 
between these same areas and corresponding areas of 
the basal ganglia. It seems that the "plan" of the se¬ 
quential movements is transmitted from the sensory 
and premotor areas of the cortex to the lateral zones of 
the cerebellar hemispheres, and two-way traffic be¬ 
tween the cerebellum and the cortex is necessary to 
provide appropriate transition from one movement to 
the next. An exceedingly interesting observation that 
supports this view is that many of the neurons in the 
dentate nuclei display the activity pattern of the move¬ 
ment that is yet to follow at the same time that the 


present movement is occurring. Thus, the lateral hemi¬ 
spheres appear to be involved not with what is hap¬ 
pening at a given moment, but instead with what will 
be happening during the next sequential movement. 

To summarize, one of the most important features of 
normal motor function is one's ability to progress 
smoothly from one movement to the next in orderly 
succession. In the absence of the cerebellar hemi¬ 
spheres, this capability is seriously disturbed, espe¬ 
cially for rapid movements. 

The Timing Function. Another important function 
of the lateral cerebellar hemispheres is to provide ap¬ 
propriate timing for each movement. In the absence of 
these lateral areas, one loses the subconscious ability to 
predict ahead of time how far the different parts of the 
body will move in a given time. And without this tim¬ 
ing capability, the person becomes unable to deter¬ 
mine when the next movement should begin. As a 
result, the succeeding movement may begin too early 
or, more likely, too late. Therefore, cerebellar lesions 
cause complex movements, such as those required for 
writing, running, or even talking, to become totally 
incoordinate, lacking completely in the ability to pro¬ 
gress in an orderly sequence from one movement to 
the next. Such cerebellar lesions are said to cause fail¬ 
ure of smooth progression of movements. 

Extramotor Predictive Functions of the Cerebel¬ 
lum. The cerebellum also plays a role in predicting 
events other than movements of the body. For in¬ 
stance, the rates of progression of both auditory and 
visual phenomena can be predicted, and both of these 
require cerebellar participation. As an example, a per¬ 
son can predict from the changing visual scene how 
rapidly he or she is approaching an object. A striking 
experiment that demonstrates the importance of the 
cerebellum in this ability is the removal of the "head" 
portion of the cerebellum in monkeys. Such a monkey 
occasionally charges the wall of a corridor and literally 
bashes its brains out because it is unable to predict 
when it will reach the wall. 

Unfortunately, we are only now beginning to learn 
about these extramotor predictive functions of the 
cerebellum. It is quite possible that the cerebellum pro¬ 
vides a "time base," perhaps utilizing time-delay cir¬ 
cuits, against which signals from other parts of the 
central nervous system can be compared. It is often 
stated that the cerebellum is especially important in 
interpreting spatiotemporal relationships in sensory in¬ 
formation. 


CLLMCAL ABiXOILliALITIES OF THE 
CEREBELLIJH 

An important feature of clinical cerebellar abnormalities is 
that destruction of small portions of the cerebellar cortex 
rarely causes detectable abnormalities in motor function. In 
fact, several months after as much as half the cerebellar cor¬ 
tex has been removed, if the deep cerebellar nuclei are not 
removed along with the cortex, the motor functions of an 
animal appear to be almost entirely normal as long as the 
animal performs all movements slowly. Thus, the remaining 
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portions of the motor control system are capable of compen¬ 
sating tremendously for loss of parts of the cerebellum. 

Therefore, to cause serious and continuing dysfunction of 
the cerebellum, the cerebellar lesion must usually involve 
one or more of the deep cerebellar nuclei—the dentate, inter- 
positus, and fastigial nuclei —as w^ell as the cerebellar cortex. 

Dysmetria and Ataxia. Two of the most important svTnp- 
toms of cerebellar disease are dysmetria and ataxia. It was 
pointed out earlier that in the absence of the cerebellum the 
subconscious motor control system cannot predict ahead of 
time how far mov'ements will go. Therefore, the movements 
ordinarily overshoot their intended mark, and then the con¬ 
scious portion of the brain overcompensates in the opposite 
direction for the succeeding movements. This effect is called 
dysmetria, and it results in incoordinate movements that are 
called ataxia. 

Dysmetria and ataxia can also result from lesions in the 
spinocerebellar tracts, for the feedback information from the 
moving parts of the body is essential for accurate control of 
the movements. 

Past Pointing. Past pointing means that in the absence of 
the cerebellum a person ordinarily moves the hand or some 
other moving part of the body considerably beyond the point 
of intention. This probably results from the fact that nor¬ 
mally the cerebellum provides most of the motor signal that 
turns off a movement after it has begun; and if the cerebel¬ 
lum is not available to do this, the movement ordinarily goes 
beyond the intended point. Therefore, past pointing is actu¬ 
ally a manifestation of dysmetria. 

Failure of Progression. Dysdiadochokinesia. WTien the 
motor control system fails to predict ahead of time where the 
different parts of the body will be at a given time, it tempo¬ 
rarily 'ioses" the parts during rapid motor movements. As a 
result, the succeeing movement may begin much too early 
or much too late, so that no orderly "progression of move¬ 
ment" can occur. One can demonstrate this readily by hav¬ 
ing a patient with cerebellar damage turn one hand upw'ard 
and dowmward at a rapid rate. The patient rapidly "loses" all 
perception of the instantaneous position of the hand during 
any portion of the movement. As a result, a series of jumbled 
movements occurs instead of the normal coordinate upw'ard 
and downw'ard motions. This is called dysdiadochokinesia. 

Dysarthria. Another instance in w'hich failure of progres¬ 
sion occurs is in talking, for the formation of W'ords depends 
on rapid and orderly succession of individual muscular 
movements in the larynx, mouth, and respiratory system. 
Lack of coordination between these and inability to predict 
either the intensity of the sound or the duration of each 
successive sound cause jumbled vocalization, with some syl¬ 
lables loud, some w'eak, some held long, some held for short 
interv^als, and resultant speech that is almost completely un¬ 
intelligible. This is called dysarthria. 

Intention Tremor. When a person who has lost the cere¬ 
bellum performs a voluntary act, the movements tend to 
oscillate, especially when they approach the intended mark, 
first overshooting the mark and then vibrating back and 
forth several times before settling on the mark. This reaction 
is called an intention tremor or an action tremor, and it lesults 
from cerebellar overshooting and failure of the cerebellar 
system to damp the motor movements. 

Cerebellar Nystagmus. Cerebellar nystagmus is a tremor 
of the eyeballs that occurs usually w'hen one attempts to 
fixate the eyes on a scene to one side of the head. This off- 
center type of fixation results in rapid, tremulous movements 
of the eyes rather than a steady fixation, and it is another 
manifestation of the failure of damping by the cerebellum. It 
occurs especially when the flocculonodular lobes are dam¬ 
aged; in this instance it is associated with loss of equilibrium. 


presumably because of dysfunction of the pathw'ays through 
the cerebellum from the semicircular ducts. 

Rebound. If a person with cerebellar disease is asked to 
pull upw'ard strongly with his or her arm while the physician 
holds it back at first and then lets go, the arm will fly back 
until it strikes the face instead of being automatically 
stopped. This is called rebound, and it results from loss of the 
cerebellar component of the stretch reflex. That is, the normal 
cerebellum ordinarily instantaneously adds a large amount 
of additional feedback support to the spinal cord stretch re¬ 
flex mechanism whenever a portion of the body begins to 
move unexpectedly in an unwilled direction. Without the 
cerebellum, strong activation of the muscles fails to occur, 
thus allowing overmovement of the limb in the unw^anted 
direction. 

Hypotonia. Loss of the deep cerebellar nuclei, particularly 
the dentate and interpositus, causes decreased tone of the 
peripheral musculature on the side of the lesion, though after 
several months the cerebral motor cortex usually compen¬ 
sates for this by an increase in its intrinsic activity. The hv^o- 
tonia results from loss of cerebellar facilitation of the motor 
cortex and brain stem motor nuclei by the tonic discharge of 
the deep cerebellar nuclei. 


■ THE BASAL GANGLIA — 

THEIR MOTOR FUi\CTIO\S 

The basal ganglia, like the cerebellum, are another ac- 
cessor}' motor system that functions not by itself but 
always in close association with the cerebral cortex and 
corticospinal system. In fact, the basal ganglia receive 
almost all their input signals from the cortex itself and 
in turn return almost all of their output signals back to 
the cortex. 

Figure 18-9 illustrates the anatomical relationships 
of the basal ganglia to the other structures of the brain. 
Note that they are located mainly lateral to the thala¬ 
mus, occupying a large portion of the deeper regions of 
both cerebral hemispheres. Note also that almost all of 
the motor and sensory nerve fibers connecting the ce¬ 
rebral cortex and spinal cord pass between the two 
major masses of the basal ganglia, the caudate nucleus 
and the putamen. This mass of nerve fibers is called the 
internal capsule of the brain. It is important to our 
present discussion because of the intimate association 
between the basal ganglia and the corticospinal system 
for motor control. 

The Neuronal Circuitry of the Basal Ganglia. The 
anatomical connections between the basal ganglia and 
the other elements of motor control are very complex, 
as illustrated in Figure 18-10. To the left is shown the 
motor cortex, the thalamus, the corticospinal path- 
w^ays, and associated brain stem and cerebellar cir¬ 
cuitry. To the right is the major circuitry of the basal 
ganglia system, showing the tremendous number of 
interconnections among the basal ganglia themselves 
— plus extensive input and output pathways between 
the motor regions of the cerebral cortex and the basal 
ganglia. 

Anatomists consider the motor portions of the basal 
ganglia to be the caudate nucleus, the putamen, and the 
globus pallidus. But, physiologically, two other struc- 
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tures that are not normally classified as basal ganglia 
are intimately involved as well, the suhthalamus and 
substantia nigra, which are located inferior and poste¬ 
rior to the thalamus in the lower diencephalon and 
upper mesencephalon. Several specific reentrant cir¬ 
cuits interconnect the subthalamus and substantia 
nigra with all three of the basal ganglia. Also, both the 
subthalamus and substantia nigra feed back to the 
thalamus and thence to the cortical areas for motor 
control. 

From Figure 18-10, it is already clear that the cir¬ 
cuitry of the basal ganglial system is intensely com¬ 
plex. However, we try in the next few sections to dis¬ 
sect out the major pathways of action and attempt to 
describe their functional attributes. We concentrate es¬ 
pecially on two major circuits called the putamen circuit 
and the caudate circuit. 


FVi\CTIOi\ OF THE BASAL GANGLMA 
L\ EXECUTiiXG PATTERNS OF 3IOTOR 
ACTIVITY—THE PUTAMEAl CIRCUIT 

One of the principal roles of the basal ganglia in motor 
control is to function in association with the cortico¬ 
spinal system to control complex patterns of motor 
activity. An example is the writing of letters of the 
alphabet. When there is serious damage to the basal 
ganglia, the cortical system of motor control can no 
longer provide these patterns. Instead, one's writing 
becomes crude, as if one were learning for the first time 
how to write. 

Other patterns requiring the basal ganglia are cut¬ 
ting paper with scissors, hammering nails, shooting 
basketballs through a hoop, passing a football, throw¬ 
ing a baseball, the movements of shoveling dirt, some 
aspects of vocalization, and virtually any other of our 
skilled movements. 


Figure 18 — 9. Anatomical relationships 
of the basal ganglia to the cerebral cortex 
and thalamus, shown in three-dimen¬ 
sional view. 

The Neural Circuit Through the Putamen for Ex¬ 
ecuting Patterns of Movements. Figure 18-11 illus¬ 
trates the principal pathways through the basal gan¬ 
glia for executing learned patterns of movement. 



Figure 18 — 10. Relation of the basal ganglial circuitry to the 
corticospinal-cerebellar system for movement control. 
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Figure 18-11. The putamen circuit through the basal ganglia 
for subconscious execution of learned patterns of movement. 


These begin mainly in the premotor and supplemental 
motor areas of the motor cortex and also the primary 
somatic sensory area of the sensory cortex. Next they 
pass, as shown in the bright red in the figure, to the 
putamen (mainly bypassing the caudate nucleus), then 
to the internal portion of the globus pallidus, next to 
the ventroanterior and ventrolateral nuclei of the thal¬ 
amus, and then finally return to the primary motor 
cortex and portions of the premotor and supplemental 
areas closely associated with the primary motor cortex. 
Thus, this putamen circuit has its inputs mainly from 
those parts of the brain adjacent to the primary motor 
cortex, but not much from the primary motor cortex 
itself. Then its outputs do go mainly back to the pri¬ 
mary motor cortex. 

Functioning in close association with this primary 
putamen circuit are three ancillary circuits: (1) from the 
putamen to the external globus pallidus, to the subtha¬ 
lamus, to the relay nuclei of the thalamus, and back to 
the motor cortex; (2) from the putamen to the internal 
globus pallidus, to the substantia nigra, to the relay 
nuclei of the thalamus, and also returning to the motor 
cortex; and (3) a local feedback circuit from the external 
globus pallidus to the subthalamus and returning 
again to the external globus pallidus. 

Athetosis, Hemiballismus, and Chorea. How does 
the above putamen circuit function in the execution of 
patterns of movement? The answer is only poorly 
known. However, when any portion of the circuit is 
damaged or blocked, certain patterns of movement 
become severely abnormal. For instance, lesions in the 
globus pallidus frequently lead to spontaneous writhing 
movements of a hand, an arm, the neck, or the face, 
movements called athetosis. 


A lesion in the subthalamus often leads to sudden 
flailing movements of an entire limb, a condition called 
hemiballismus. 

Multiple small lesions in the putamen lead to flicking 
movements in the hands, face, and other parts of the 
body, which is called chorea. 

And lesions of the substantia nigra lead to the com¬ 
mon and extremely severe disease of rigidity and 
tremors known as Parkinson's disease, which we shall 
discuss in more detail later. 


ROLE OF THE BASAL GAAGLIA FOR 
COGiMTIVE CONTROL OF SEQUEXCES 
OF ROTOR PATTERAS — THE 
CAUDATE CIRCUIT 

The term cognition means the thinking processes of 
the brain, utilizing both the sensory input to the brain 
as well as information already stored in memory. Ob¬ 
viously, most of our motor actions occur as a conse¬ 
quence of thoughts generated in the mind, a process 
called cognitive control of motor activity. The caudate 
nucleus plays a major role in this cognitive control of 
motor activity. 

The neural connections between the corticospinal 
motor control system and the caudate nucleus, illus¬ 
trated in Figure 18-12, are somewhat different from 
those of the putamen circuit. Part of the reason for this 
is that the caudate nucleus extends into all lobes of the 
cerebrum, beginning anteriorly in the frontal lobes, 
then passing posteriorly through the parietal and oc¬ 
cipital lobes, and finally curving forward again like a 
letter "C" into the temporal lobes. Furthermore, the 
caudate nucleus receives large amounts of its input 
from the association areas of the cerebral cortex, the 
areas that integrate the different types of sensory and 
motor information into usable thought patterns. 

After the signals pass from the cerebral cortex to the 
caudate nucleus, they are transmitted next to the inter¬ 
nal globus pallidus, then to the relay nuclei of the 
ventroanterior and ventrolateral thalamus, and finally 
back to the prefrontal, premotor, and supplemental 
motor areas of the cerebral cortex, but with almost 
none of the returning signals passing directly to the 
primary motor cortex. Instead, the returning signals go 
to those accessory motor regions that are concerned 
with patterns of movement instead of individual mus¬ 
cle movements. 

A good example of this would be for a person to see a 
lion approach and then respond instantaneously and 
automatically by (1) turning away from the lion, (2) 
beginning to run, and (3) even attempting to climb a 
tree. Without the cognitive functions, the person might 
not have the instinctive knowledge, without thinking 
for too long a time, to respond quickly and appropri¬ 
ately. Thus, cognitive control of motor activity deter¬ 
mines which patterns of movement will be used to¬ 
gether and in what sequence to achieve a complex 
goal. 
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FVXCTiOX OF THE BASAL GAXGLIA 
TO CHAXGE THE T/l/M G AXD TO 
SCALE THE iXTEXSiTY OF HOVEHEiXTS 

Two important capabilities of the brain in controlling 
movement are (1) to determine how rapidly it is to be 
performed and (2) to control how large the movement 
will be. For instance, one may write the letter "a" 
slowly or rapidly. Also, he may write a small "a" or a 
very large letter "a" on a chalk board. Regardless of his 
choices, the proportional characteristics of the letter 
will remain the same. This is also true even though the 
person might use the fingers for writing the letter in 
one instance or the whole arm at another time. 

In the absence of the basal ganglia, these timing and 
scaling functions are very poor, in fact almost nonexis¬ 
tent. Of course, here again, the basal ganglia do not 
function alone; they function in close association with 
the cerebral cortex as well. One especially important 
cortical area is the posterior parietal cortex, which is 
the locus of the spatial coordinates for all parts of the 
body as well as for the relationship of the body and its 
parts to all surroundings. Figure 18-13 illustrates the 
way in which a person lacking a left posterior parietal 
cortex might draw the face of another human being, 
providing proper proportions for the right side of the 
face, but almost ignoring the left side (which is in his 
right field of vision). Also, such a person will try 
always to avoid using his right arm, right hand, or 
other portions of his right body for the performance of 
tasks, almost not knowing that these parts of his body 
even exist. 

Because it is the caudate circuit of the basal ganglial 
system that functions mainly with the association 
areas of the cortex, such as the posterior parietal cortex, 
presumably the timing and scaling of movements are 
functions of this caudate cognitive motor control cir¬ 
cuit. 


Fi^re 18 — 12. The caudate circuit through the basal ganglia for 
cognitive planning of the combinations of sequential and parallel 
motor patterns to achieve specific conscious goals. 


FlhXCTIOXS OF SPECiFIC 
iXEVROTRAXSHiTTERS LX THE BASAL 
GAjXGLMAL SYSTEH 

Figure 18-14 illustrates the interplay of some specific 
neurotransmitters that are known to function within 



Figure 18-13. A typical drawing made by a person who has 
se\ ere damage in his or her left parietal cortex, where the spatial 
coordinates of the right side of the body and right field of vfision 
are calculated. 











18 • The Cerebellumf the Basal Ganglia^ and Overall Itotor Control 237 


From cortex 



1 t i i T 

1. Norepinephrine 

2. Serotonin 

3. Enkephalin 

Figure IS —14. Xeuronal pathw'ays that secrete different types 
of neurotransmitter substances in the basal ganglia. 


the basal ganglia, showing (1) a dopamine pathway 
from the substantia nigra to the caudate nucleus and 
putamen; (2) a gamma-aminobutyric acid (GABA) path¬ 
way from the caudate nucleus and putamen to the 
globus pallidus and substantia nigra; (3) acetylcholine 
pathways from the cortex to the caudate nucleus and 
putamen; and (4) multiple general pathways from the 
brain stem that secrete norepinephrine, serotonin, en¬ 
kephalin, and several other neurotransmitters in the 
basal ganglia as well as in other parts of the cerebrum. 
We will have more to say about some of these hor¬ 
monal systems in the following sections when we dis¬ 
cuss diseases of the basal ganglia as well as in subse¬ 
quent chapters when we discuss behavior, sleep, 
wakefulness, and functions of the autonomic nervous 
system. 

For the present, it should be remembered that the 
neurotransmitter GABA always functions as an inhibi¬ 
tory agent. Therefore, the GABA neurons in the feed¬ 
back loops from the cortex through the basal ganglia 
and then back to the cortex make virtually all these 
loops negative feedback loops, rather than positive feed¬ 
back loops, thus lending stability to the motor control 
systems. Dopamine also functions as an inhibitory 
neurotransmitter in most parts of the brain, so that it 
too may function as a stabilizer. Acetylcholine, on the 
other hand, usually functions as an excitatory trans¬ 
mitter and therefore probably provides many of the 
positive features of motor action. 


CLIMCAL SYiXDBOllES RESVLTCXG FROll 
DA31AGE TO THE BASAL GAAGLIA 

Aside from athetosis and hemiballismus, which have al¬ 
ready been mentioned in relation to lesions in the globus 
pallidus and the subthalamus, two other major diseases re¬ 
sult from damage in the basal ganglia. These are Parkinson's 
disease and Huntington's chorea. 


Parkinson's Disease 

Parkinson's disease, also known as paralysis agitans, results 
from widespread destruction of that portion of the substantia 
nigra, the pars compacta, that sends dopamine-secreting nerve 
fibers to the caudate nucleus and putamen. The disease is char¬ 
acterized by (1) rigidity of much if not most of the muscula¬ 
ture of the body, (2) involuntary tremor of the involved areas 
even when the person is resting and always at a fixed rate of 
3 to 6 cycles/sec, and (3) a serious inability to initiate move¬ 
ment called akinesia. 

The causes of these abnormal motor effects are almost 
entirely unknown. However, if the dopamine secreted in the 
caudate nucleus and putamen functions as an inhibitory 
transmitter, then destruction of the substantia nigra theoreti¬ 
cally would allow these structures to become overly active 
and possibly cause continuous output of excitatory signals to 
the corticospinal motor control system. These signals could 
certainly overly excite many or all muscles of the body, thus 
leading to rigidity. And some of the feedback circuits might 
easily oscillate because of high feedback gains after loss of 
their inhibition, leading to the tremor of Parkinson's disease. 
This tremor is quite different from that of cerebellar disease, 
for it occurs during all waking hours and is therefore called 
an involuntary tremor, in contradistinction to cerebellar 
tremor, which occurs only when the person performs inten¬ 
tionally initiated movements and therefore is called intention 
tremor. 

The akinesia that occurs in Parkinson's disease is often 
much more distressing to the patient than are the symptoms 
of muscle rigidity and tremor, for to perform even the sim¬ 
plest movement in severe Parkinsonism the person must 
exert the highest degree of concentration. The mental effort, 
even mental anguish, that is necessary to make the move¬ 
ment "go" is often at the limit of the patient's willpower. 
Then, when the movement does occur, it is stiff and staccato 
in character instead of occurring smoothly. Unfortunately, 
the cause of this akinesia is still entirely speculative. It is 
presumed that loss of dopamine secretion in the caudate 
nucleus and putamen might lead to loss of balance between 
the excitatory and inhibitory systems. Since patterns of move¬ 
ment require sequential changes between excitation and in¬ 
hibition, any effect that would lock basal ganglia activity 
always in one direction would obviously prevent the initia¬ 
tion of and progression through sequential patterns, which is 
exactly what happens in akinesia. 

Treatment With L-Dopa. Administration of the drug l- 
dopa to patients with Parkinson's disease ameliorates many 
of the symptoms, especially the rigidity and akinesia, in most 
patients. The reason for this is believed to be that L-dopa is 
converted in the brain into dopamine, and the dopamine 
then restores the normal balance between inhibition and 
excitation in the caudate nucleus and putamen. Unfortu¬ 
nately, administration of dopamine itself does not have the 
same effect because dopamine has a chemical structure that 
will not allow it to pass through the blood-brain barrier, even 
though the slightly different structure of L-dopa does allow it 
to pass. 

Coagulation of the Ventrolateral and Ventroanterior 
Nuclei of the Thalamus for Treatment of Parkinson's Dis¬ 
ease. Many researchers have also treated Parkinson's dis¬ 
ease, with var\4ng degrees of success, by surgically destroy¬ 
ing portions of the basal ganglia, the thalamus, or even the 
motor cortex to block basal ganglial feedback to the cortex. 
The most widely employed of these has been destruction of 
the ventrolateral and ventroanterior nuclei of the thalamus, 
usually by electrocoagulation. Almost all of the feedback 
pathways from the basal ganglia to the cerebral cortex pass 
through these nuclei. It is presumed that blockage of these 







Vt ■ The Central iXervous System: C. ftotor and Integrative \europhysiolaf»y 


feedbacks prevents function of the neuronal loops that cause 
the tremor and some other symptoms of Parkinson's disease. 

Huntington's Chorea 

Huntington's chorea is a hereditary disorder that usually 
begins to cause symptoms in the third or fourth decade of 
life. It is characterized at first by flicking movements at indi¬ 
vidual joints and then progressive severe distortional move¬ 
ments of the entire body. In addition, severe dementia also 
develops along with the motor dysfunctions. 

The abnormal movements of Huntington's chorea are be¬ 
lieved to be caused by loss of most of the cell bodies of the 
GABA-secretiug neurons in the caudate nucleus and putamen. 
The axon terminals of these neurons normally cause inhibi¬ 
tion in the globus pallidus and substantia nigra. This loss of 
inhibition is believed to allow spontaneous outbursts of 
globus pallidus and substantia nigra activity that cause the 
distortional movements. 

The dementia in Huntington's chorea probably does not 
result from the loss of GABA neurons but instead from loss 
of many acetylcholine-secreting neurons at the same time. 
This loss occurs not only in the basal ganglia but also in much 
of the cerebral cortex, which could easily block much of the 
thinking process. 


■ Ii\TEGRATIOi\ OF ALL 
PARTS OF THE TOTAL 
MOTOR CONTROL SYSTEM 

Finally, we need to summarize as best we can what is 
known about overall control of movement. To do this, 
let us first give a synopsis of the different levels of 
control: 


THE SPLXAL LEVEL 

Programmed in the spinal cord are local patterns of 
movement for all muscle areas of the body—for in¬ 
stance, programmed withdrawal reflexes that pull any 
part of the body away from a source of pain. And the 
cord is the locus even of complex patterns of rhythmi¬ 
cal motions such as to-and-fro movement of the limbs 
for walking, plus reciprocal activity of opposite sides of 
the body, or hind limbs versus forelimbs. 

All these programs of the cord can be commanded 
into action by the higher levels of motor control, or 
they can be inhibited while the higher levels take over 
control. 


THE HLXDBRAMX LEVEL 

The hindbrain provides two major functions for gen¬ 
eral motor control of the body: (1) maintenance of axial 
tone of the body for the purpose of standing and (2) 
continuous modification of the different directions of 
this tone in response to continuous information from 
the vestibular apparatuses for the purpose of main¬ 
taining equilibrium. 


THE COKTICOSPLXAL LEVEL 

The corticospinal system transmits most of the motor 
signals from the motor cortex to the spinal cord. It 
functions partly by issuing commands to set into mo¬ 
tion the various cord patterns of motor control. It can 
also change the intensity of the different patterns or 
modify their timing or other characteristics. When 
needed, the corticospinal system can bypass the cord 
patterns by issuing inhibitory commands and replac¬ 
ing them with higher-level patterns from the brain 
stem or from the cerebral cortex. Usually the cortical 
patterns are more complex; also, they can be learned 
by practice, while the cord patterns are mainly set by 
heredity and are said to be "'hard wired."' 

The Associated Function of the Cerebellum. The 
cerebellum functions with all levels of muscle control. 
It functions with the spinal cord especially to enhance 
the stretch reflex, so that when a contracting muscle 
meets an unexpectedly heavy load, a long stretch re¬ 
flex arc through the cerebellum and back again to the 
cord strongly facilitates the load-resisting effect of the 
basic stretch reflex. 

At the brain stem level, the cerebellum functions to 
make the postural movements of the body, especially 
the rapid movements required by the equilibrium sys¬ 
tem, smooth and continuous and without abnormal 
oscillations. 

At the cerebral cortex level, the cerebellum functions 
to provide many accessory motor commands, espe¬ 
cially to provide extra motor force to turn on muscle 
contraction very rapidly and forcefully at the start of 
movements. And near the end of each movement, the 
cerebellum turns on antagonist muscles at exactly the 
right time and with proper force to stop the movement 
at the intended point. Furthermore, there is good phys¬ 
iological evidence that all aspects of this tum-on/ 
turn-off patterning by the cerebellum can be learned 
with experience. 

In addition, the cerebellum functions with the cere¬ 
bral cortex at still another level of motor planning: it 
helps to program in advance the muscle contractions 
that are required for smooth progression from the 
present movement in one direchon to the next move¬ 
ment in another direchon. The neural circuit for this 
passes from the cerebral cortex to the large lateral 
hemispheres of the cerebellum and then back to the 
cortex. 

It should be noted especially that the cerebellum 
funchons mainly with very rapid movements. Without 
the cerebellum, slow and calculated movements can 
shll occur, but it is difficult for the corhcospinal system 
to achieve well-controlled rapid intended movements 
to a parhcular goal, or especially to progress smoothly 
from one movement to the next. 

The Associated Functions of the Basal Ganglia. 
The basal ganglia are essenhal to motor control in ways 
entirely different from those of the cerebellum. Their 
two most important funchons are (1) to help the cortex 
execute subconscious but learned patterns of move¬ 
ment and (2) to help plan mulhple parallel and se- 
quenhal patterns of movement that the mind must put 
together to accomplish a purposeful task. 
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The types of motor patterns that require the basal 
ganglia include those for writing all the different letters 
of the alphabet, for throwing a ball, for typing, and so 
forth. Also, the basal ganglia are required to modify 
these patterns for slow execution, for rapid execution, 
to write small, or to write very large — thus controlling 
both timing and dimensions of the patterns. 

At still a higher level of control is another cerebral 
cortex-basal ganglia circuit, beginning in the thinking 
processes of the brain and providing the overall se¬ 
quence of action for responding to each new situahon 
— such as planning one's immediate response to an 
assailant who hits the person in the face or one's se¬ 
quential response to an unexpectedly fond embrace. 

An important part of all these basal ganglial plan¬ 
ning processes is not only the motor cortex and basal 
ganglia but also the somatic sensory cortex of the pari¬ 
etal lobe, especially the posterior porhon where the 
instantaneous spatial coordinates of all parts of one's 
body are continuously calculated, and even the spatial 
coordinates of the relationships of the body parts to the 
physical surroundings. If one of the two parietal cor¬ 
tices is severely damaged, then the person simply ig¬ 
nores the opposite side of his or her body and even 
ignores objects on the opposite side; then the move¬ 
ments are planned around use of only the consciously 
recognized side of the body. 


WHAT DRIVES US TO ACTIOM? 

Finally, what is it that arouses us from inactivity and 
sets into play our trains of movement? Fortunately, we 
are beginning to learn about the motivational systems 
of the brain. Basically, the brain has an older core 
centered beneath, anterior, and lateral to the thalamus 
—including the hypothalamus, the amygdala, the 
hippocampus, the septal region anterior to the hypo¬ 
thalamus and thalamus, and even older regions of 
the thalamus and cerebral cortex themselves — all of 
which function together to motivate most of the motor 
and other functional activiries of the brain. These areas 
are collectively called the limbic system of the brain. We 
discuss this system in detail in Chapter 20. 
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The Cerebral Cortex} 
Intelleetual Funetions of 
the Brain and Learning 
and Memory 


It is ironic that of all the parts of the brain, we know 
least about the mechanisms of the cerebral cortex, even 
though it is by far the largest portion of the nervous 
system. Yet we do know the effects of destruction or of 
specific stimulation of various portions of the cortex. In 
the early part of the present chapter the facts known 
about cortical functions are discussed; then some basic 
theories of the neuronal mechanisms involved in 
thought processes, memory, analysis of sensory infor¬ 
mation, and so forth, are presented briefly. 

■ PHYSIOLOGIC ANATOMY OF THE 
CEREBRAL CORTEX 

The functional part of the cerebral cortex is composed mainly 
of a thin layer of neurons 2 to 5 mm in thickness, covering 
the surface of all the convolutions of the cerebrum and hav¬ 
ing a total area of about 0.25 m‘. The total cerebral cortex 
probably contains 100 billion or more neurons. 

Figure 19-1 illustrates the typical structure of the cerebral 
cortex, showing successive layers of different types of cells. 
Most of the cells are of three types: granular (also called 
stellate), fusiform, and pyramidal, the latter named for their 
characteristic pyramidal shape. The granule cells, in general, 
have short axons and therefore function mainly as intracor- 
tical intemeurons. Some are excitatory, probably releasing 
the excitator\^ neurotransmitter glutamate; others are inhibi¬ 
tory and release the inhibitory neurotransmitter gamma- 
aminobutyric acid (GABA). The sensory areas of the cortex, as 
well as the association areas betw^een sensory and motor, 
have large concentrations of these granule cells, suggesting a 
high degree of intracortical processing of the incoming sen¬ 
sory signals in the sensory areas and of the cognitive analyti¬ 
cal signals in the association areas. 

The pyramidal and fusiform cells, on the other hand, give 
rise to almost all of the output fibers from the cortex. The 
pyramidal cells are the larger of the two and are more numer¬ 
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ous than the fusiform cells. They are the source of the long, 
large nerve fibers that go all the way to the spinal cord. They 
also give rise to most of the large subcortical association fiber 
bundles that pass from one major part of the brain to the 
other. 

To the right in Figure 19 -1 is illustrated the typical organi¬ 
zation of nerve fibers within the different layers of the cor¬ 
tex. Note particularly the large number of horizontal fibers 
extending between adjacent areas of the cortex, but note also 
the vertical fibers that extend to and from the cortex to lower 
areas of the brain and to the spinal cord or to distant regions 
of the cerebral cortex through the long association bundles. 

The functions of the specific layers of the cerebral cortex 
have been discussed briefly in Chapters 9 and 13. By w^ay of 
review, let us recall that most incoming specific sensory sig¬ 
nals terminate in cortical layer IV. Most of the output signals 
leave the cortex from neurons located in layers V and VI, the 
very large fibers to the brain stem and cord arise generally in 
layer V, and the tremendous numbers of fibers to the thala¬ 
mus arise in layer VI. Layers I, II, and III perform most of the 
intracortical association functions, with especially large 
numbers of neurons in layers II and III making short hori¬ 
zontal connections with adjacent cortical areas. 

Anatomical and Functional Relationships of the 
Cerebral Cortex to the Thalamus and Other Lower 
Centers. All areas of the cerebral cortex have extensive 
to-and-fro efferent and afferent connections with the 
deeper structures of the brain. It is especially important 
to emphasize the relationship between the cerebral 
cortex and the thalamus. When the thalamus is dam¬ 
aged along with the cortex, the loss of cerebral function 
is far greater than when the cortex alone is damaged, 
for thalamic excitation of the cortex is necessary for 
almost all cortical activity. 

Figure 19-2 shows the areas of the cerebral cortex 
connected with specific parts of the thalamus. These 
connections act in two directions, both from the thala- 
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Figure 19 — 1. Structure of the cerebral cortex, illustrating I, 
molecular layer; II, external granular layer; III, layer of pyramidal 
cells; IV, internal granular layer; V, large pyramidal cell layer; and 
VI, layer of fusiform or polymorphic cells. (From Ranson and 
Clark (after Brodmann]: Anatomy of the Nervous System. Philadel¬ 
phia, \V. B. Saunders Company, 1959.) 


mus to the cortex and then from the cortex back to 
essentially the same area of the thalamus. Further¬ 
more, when the thalamic connections are cut, the func¬ 
tions of the corresponding cortical area become en¬ 
tirely abrogated. Therefore, the cortex operates in close 
association with the thalamus and can almost be con¬ 
sidered both anatomically and functionally to be a unit 
with the thalamus; for this reason the thalamus and 
the cortex together are sometimes called the thalamo¬ 
cortical system. Also, all pathways from the sensory 
organs to the cortex pass through the thalamus, with 
the single exception of most sensory pathways of the 
olfactory tract. 



Figure 19 — 2, Areas of the cerebral cortex that connect with 
specific portions of the thalamus. (Modified from Elliott: Textbook 
of the Nervous System. Philadelphia. J. B. Lippincott Company.) 


■ FUIVCTIOIVS OF SPECIFIC 
CORTICAL AREAS 

Studies in human beings by neurosurgeons, neurolo¬ 
gists, and neuropathologists have shown that different 
cortical areas have their own separate functions. Fig¬ 
ure 19 -3 is a map of some of these functions as deter¬ 
mined by Penfield and Rasmussen from electrical 
stimulation of the cortex in awake patients or during 
neurological examination of patients after portions of 
the cortex had been removed. The electrically stimu¬ 
lated patients either told the surgeons their thoughts 
evoked by the stimulation or at times experienced a 
movement or a spontaneously emitted sound or even a 
word or some other evidence of the stimulation. In the 
patients in whom portions of the cortex had been re¬ 
moved, the subsequent neurological examinations 
demonstrated different deficits of brain function. 

Information of the type illustrated in Figure 19-3 
from many different sources gives a more general map, 
as illustrated in Figure 19-4. This figure shows the 
major primary and secondary motor areas of the cor¬ 
tex, as well as the major primary and secondary sen¬ 
sory areas for somatic sensation, vision, and hearing, 
all of which have been discussed in previous chapters. 
The primary areas have direct connections with spe¬ 
cific muscles or specific sensory receptors, for caus¬ 
ing discrete muscle movements or experiencing a 
sensation—visual, auditory, or somatic — from a mi¬ 
nute receptor area. The secondary areas, on the other 
hand, make sense out of the functions of the primary 
areas. For instance, the supplemental and premotor 
areas function along with the primary motor cortex 
and basal ganglia to provide highly specific patterns of 
motor activity. On the sensory side, the secondary sen¬ 
sory areas, which are located within a few centimeters 
of the primary areas, begin to make sense out of the 
specific sensory signals, such as interpreting the shape 
or texture of an object in one's hand; the color, the light 
intensity, the directions of lines and angles, and other 


Supplementary 
motor synergies^, 



Fi^re 19 — 3. Functional areas of the human cerebral cortex as 
determined by electrical stimulation of the cortex during neuro¬ 
surgical operations and by neurological examinations of patients 
with destroyed cortical regions. (From Penfield and Rasmussen; 
The Cerebral Cortex of Man; A Clinical Study of lx)calization of 
Function. New York, .Macmillan Company, 1968.) 




















S42 11 ■ The Central Xenons System: C, Miotor and intef’ratixe Xeurophysiolof^}^ 


Supplemental 

and 

Premotor 


Primary motor 


Primary somatic 


Limbic 
Association' 
Area 


Secondary somatic 



Secondary 

visual 


Primary 

visual 


Primary auditory 


Secondary 

auditory 


Figure 19 — 4, Locations of the major association areas of the 
cerebral cortex, shown in relation to the primary and secondary 
motor and sensory areas. 


aspects of vision; and the combination of tones, se¬ 
quence of tones, and beginning interpretation of the 
meanings of auditory signals. 

THE ASSOCIATIOX AREAS 

Figure 19-4 also shows several large areas of the cere¬ 
bral cortex that do not fit into the rigid categories of 
primary or secondary motor and sensory areas. These 
are called association areas because they receive and 
analyze signals from multiple regions of the cortex and 
even subcortical structures. Yet even the association 
areas have their own specializations, as we shall see. 
The three most important association areas are (1) the 
parieto-occipitotemporal association area, (2) the pre¬ 
frontal association area, and (3) the limbic association 
area. The functions of these are the following: 

The Parieto-occipitotemporal Association Area. 
This association area lies in the large cortical space 
between the somatic sensory cortex anteriorly, the vi¬ 


sual cortex posteriorly, and the auditory cortex later¬ 
ally. As would be expected, it provides a high level of 
interpretive meaning for the signals from all the sur¬ 
rounding sensory areas. However, even the parieto- 
occipitotemporal association area has its own func¬ 
tional subareas, which are illustrated in Figure 19-5: 

1. An area beginning in the posterior parietal cortex 
and extending into the superior occipital cortex provides 
continuous analysis of the spatial coordinates of all parts 
of the body as well as of the surroundings of the body. This 
area receives visual information from the posterior oc¬ 
cipital cortex and simultaneous somatic information 
from the anterior parietal cortex; from this it computes 
the coordinates. But why does a person need to know 
these spatial coordinates? The answer is that to control 
the body movements, the brain must know at all times 
where each part of the body is located and also the 
relation to the surroundings. The person also needs 
this information to analyze incoming somatic sensory 
signals. In fact, as was illustrated in Figure 18-13 of 



Figure 19-5. Map of specific func¬ 
tional areas in the cerebral cortex, 
showing especially W ernicke’s and 
Broca's areas for language compre¬ 
hension and speech production, 
which in 95 per cent of all persons 
are located in the left hemisphere. 
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Chapter 18, a person missing this area of the brain 
actually loses recognition of the fact that he or she has 
an opposite side of the body or surroundings and, as a 
consequence, will fail to consider the existence of the 
opposite side either for sensation or for planning vol¬ 
untary movements. 

2. The major area for language comprehension, 
called Wernicke's area, lies behind the primary auditory 
cortex in the posterior part of the superior temporal lobe. 
We discuss this area much more fully later; it is the 
most important region of the entire brain for higher 
intellectual functions because almost all intellectual 
functions are language-based. 

3. Posterior to the language comprehension area, lying 
mainly in the angular gyrus region of the occipital lobe, is 
a secondary visual processing area that feeds the visual 
signals of words read from a page into Wernicke's area, the 
language comprehension area. This angular gyrus area is 
needed to make meaning out of the visually perceived 
words. In its absence, a person can still have excellent 
language comprehension through hearing but not 
through reading. 

4. In the most lateral portions of both the anterior oc¬ 
cipital lobe and posterior temporal lobe is an area for 
naming objects. The names presumably originate 
mainly through auditory input, whereas the nature of 
the objects originates mainly through visual input. In 
turn, the names are essential for language comprehen¬ 
sion and intelligence, functions performed in Wer¬ 
nicke's area, located immediately superior to the 
"names" region. 

The Prefrontal Association Area. In the previous 
chapter we learned that the prefrontal association area 
functions in close association with the motor cortex to 
plan complex patterns and sequences of motor move¬ 
ments. To aid in this function, it receives very strong 
input through a massive subcortical bundle of fibers 
connecting the parieto-occipitotemporal association 
area with the prefrontal association area. Through this 
bundle the prefrontal cortex receives much preana¬ 
lyzed sensory information, especially information on 
the spatial coordinates of the body that is absolutely 
necessary in the planning of effective movements. 
Much of the output from the prefrontal area into the 
motor control system passes through the caudate por¬ 
tion of the basal ganglia-thalamic feedback circuit for 
motor planning, which provides many of the sequen¬ 
tial and parallel components of the movement com¬ 
plex. 

The prefrontal association area is also essential to 
carrying out prolonged thought processes in the mind. 
This presumably results from some of the same capa¬ 
bilities of the prefrontal cortex that allow it to plan 
motor activities. That is, it seems to be capable of com¬ 
bining nonmotor information from widespread areas 
of the brain and therefore to achieve nonmotor types 
of thinking as well as motor types. In fact, the prefron¬ 
tal association area is frequently described simply as 
important for the elaboration of thoughts. 

A special region in the frontal cortex, called Broca's 
area, provides the neural circuitry for word formatiott 


This area, illustrated in Figure 19 - 5, is located partly in 
the posterior lateral prefrontal cortex and partly in the 
premotor area. It is here that the plans and motor pat¬ 
terns for the expression of individual words or even 
short phrases are initiated and executed. This area also 
works in close association with Wernicke's language 
comprehension center in the temporal association cor¬ 
tex, as we discuss more fully later in the chapter. 

The Limbic Association Area. Figure 19-4 illus¬ 
trates still another association area called the limbic 
area. This is found in the anterior pole of the temporal 
lobe, in the ventral portions of the frontal lobes, and in 
the cingulate gyri on the midsurfaces of the cerebral 
hemispheres. This region is concerned primarily with 
behavior, emotions, and motivation, as illustrated in Fig¬ 
ure 19-5. We will learn in the following chapter that 
the limbic cortex is part of a much more extensive 
system, the limbic system, that includes a complex set of 
neuronal structures in the midbasal regions of the 
brain. It is this limbic system that provides most of the 
drives for setting the other areas of the brain into action 
and even provides the motivational drive for the proc¬ 
ess of learning itself. 


An Area for Recognition of Faces 

An interesting type of brain abnormality called proso- 
phenosia is the inability to recognize faces. This occurs 
in persons who have extensive damage on the medial 
undersides of both occipital lobes and along the me- 
dioventral surfaces of the temporal lobes, as illustrated 
in Figure 19-6. Loss of these face recognition areas, 
strangely enough, results in very little other abnormal¬ 
ity of brain function. 

One wonders why so much of the cerebral cortex 
should be reserved for the simple task of face recogni¬ 
tion. However, when it is remembered that most of our 
daily tasks involve associations with other people, one 
can see the importance of this intellectual function. 
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Fijfure 19 — 6. Facial recognition areas located on the underside 
ol the brain in the medial occipital and temporal lobes. (From 
Geschwind: Sci. Am., 241:180, 1979. © 1979 by Scientific Ameri¬ 
can, Inc. AH rights reserv ed.) 
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The occipital portion of this area is contiguous with 
the visual cortex, and the temporal portion is closely 
associated with the limbic system that has to do with 
emotions, brain activation, and control of one's behav¬ 
ioral response to the environment, as we see later in the 
following chapter. 


INTERPRETATIVE FUNCTION OF THE 
POSTERIOR SUPERIOR TEMPORAL 
LORE — WERXICKE^S AREA (A 
GENERAL INTERPRETATIVE AREA) 

The somatic, visual, and auditory secondary and asso¬ 
ciation areas, which can actually be called sensory in¬ 
terpretative areas, all meet one another in the posterior 
part of the superior temporal lobe, as illustrated in 
Figure 19-7, where the temporal, parietal, and occipi¬ 
tal lobes all come together. This area of confluence of 
the different sensory interpretative areas is especially 
highly developed in the dominant side of the brain — 
the left side in almost all right-handed persons — and it 
plays the greatest single role of any part of the cerebral 
cortex in the higher levels of brain function that we call 
intelligence. Therefore, this region has frequently been 
called by different names suggestive of the area having 
almost global importance: the general interpretative 
area, the gnostic area, the knowing area, the tertiary asso¬ 
ciation area, and so forth. However, it is best known as 
Wernicke's area in honor of the neurologist who first 
described its special significance in intellectual proc¬ 
esses. 

Following severe damage in Wernicke's area, a per¬ 
son might hear perfectly well and even recognize dif¬ 
ferent words but still be unable to arrange these words 
into a coherent thought. Likewise, the person may be 
able to read words from the printed page but be unable 
to recognize the thought that is conveyed. 

Electrical stimulation in Wernicke's area of the con¬ 
scious patient occasionally causes a highly complex 



Wernicke's area 


Figure 19 — 7. Organization of the somatic, auditory, and visual 
association areas into a general mechanism for interpretation of 
sensory experience. All these feed also into Wernicke's area, lo¬ 
cated in the posterosuperior portion of the temporal lobe. Note 
also the prefrontal area and Broca’s speech area. 


thought. This is particularly true when the stimulatory 
electrode is passed deep enough into the brain to ap¬ 
proach the corresponding connecting areas of the thal¬ 
amus. The types of thoughts that might be experienced 
include complicated visual scenes that one might re¬ 
member from childhood, auditory hallucinations such 
as a specific musical piece, or even a discourse by a 
specific person. For this reason it is believed that acti¬ 
vation of Wernicke's area can call forth complicated 
memory patterns involving more than one sensory 
modality even though many of the memory patterns 
may be stored elsewhere. This belief is in accord with 
the importance of Wernicke's area in interpretation of 
the complicated meanings of different sensory experi¬ 
ences. 

The Angular Gyrus — Interpretation of Visual 
Information. The angular gyrus is the most inferior 
portion of the posterior parietal lobe, lying immedi¬ 
ately behind Wernicke's area and fusing posteriorly 
into the visual areas of the occipital lobe as well. If this 
region is destroyed while Wernicke's area in the tem¬ 
poral lobe is still intact, the person can still interpret 
auditory experiences as usual, but the stream of visual 
experiences passing into Wernicke's area from the vi¬ 
sual cortex is mainly blocked. Therefore, the person 
may be able to see words and even know they are 
words but, nevertheless, not be able to interpret their 
meanings. This is the condition called dyslexia, or word 
blindness. 

Let us again emphasize the global importance of 
Wernicke's area for most intellectual functions of the 
brain. Loss of this area in an adult usually leads there¬ 
after to a lifetime of almost demented existence. 


The Concept of the Dominant 
Hemisphere 

The general interpretative functions of Wernicke's 
area and of the angular gyrus, and also the functions of 
the speech and motor control areas, are usually much 
more highly developed in one cerebral hemisphere 
than in the other. Therefore, this hemisphere is called 
the dominant hemisphere. In about 95 per cent of all 
persons the left hemisphere is the dominant one. Even 
at birth, the area of the cortex that will eventually 
become Wernicke's area is as much as 50 per cent 
larger in the left hemisphere than in the right in more 
than one half of newborn babies. Therefore, it is easy 
to understand why the left side of the brain might 
become dominant over the right side. However, if for 
some reason this left side area is damaged or removed 
in early childhood, the opposite side of the brain can 
develop full dominant characteristics. 

A theory that can explain the capability of one hemi¬ 
sphere to dominate the other hemisphere is the fol¬ 
lowing: 

The attention of the "mind" seems to be directed to 
one portion of the brain at a time. Presumably, because 
its size is usually larger at birth, the left temporal lobe 
normally begins to be used to a greater extent than the 
right, and, thenceforth, because of the tendency to 
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direct one's attention to the better developed region, 
the rate of learning in the cerebral hemisphere that 
gains the first start increases rapidly while that in the 
opposite side remains slight. Therefore, in the normal 
human being, one side becomes dominant over the 
other. 

In about 95 per cent of all persons the left temporal 
lobe and angular gyrus become dominant, and in the 
remaining 5 per cent either both sides develop simulta¬ 
neously to have dual dominance, or, more rarely, the 
right side alone becomes highly developed. 

Usually associated with the dominant temporal lobe 
and angular gyrus is dominance of certain portions of 
the somatic sensory cortex and motor cortex for control 
of voluntary motor functions. For instance, as is dis¬ 
cussed later in the chapter, the prefrontal and premo¬ 
tor speech area (Broca's area), located far laterally in 
the intermediate frontal lobe, also is almost always 
dominant on the left side of the brain. This speech area 
causes the formation of words by exciting simulta¬ 
neously the laryngeal muscles, the respiratory mus¬ 
cles, and the muscles of the mouth. 

Also, the motor areas for controlling the hands are 
dominant on the left side of the brain in about nine of 
ten persons, thus causing "right-handedness" in most 
people. 

Although the interpretative areas of the temporal 
lobe and angular gyrus, as well as many of the motor 
areas, are highly developed in only a single hemi¬ 
sphere, they are capable of receiving sensory informa¬ 
tion from both hemispheres and are also capable of 
controlling motor activities in both hemispheres, uti¬ 
lizing mainly fiber pathways in the corpus callosum for 
communication between the two hemispheres. This 
unitary, cross-feeding organization prevents interfer¬ 
ence between the functions of the two sides of the 
brain; such interference, obviously, could create havoc 
with both thoughts and motor responses. 


Role of Language in the Function of 
Wernicke*s Area and in Intellectual 
Functions 

A major share of our sensory experience is converted 
into its language equivalent before being stored in the 
memory areas of the brain and before being processed 
for other intellectual purposes. For instance, when we 
read a book, we do not store the visual images of the 
printed words but, instead, store the words themselves 
in language form. Also, the information conveyed by 
the words is usually converted to language form before 
its meaning is discerned. 

The sensory area of the dominant hemisphere for 
interpretation of language is Wernicke's area, and this 
is very closely associated with both the primary hear¬ 
ing area and the secondary auditory areas of the tem¬ 
poral lobe. This very close relationship probably re¬ 
sults from the fact that the first introduction to 
language is by way of hearing. Later in life, when 
visual perception of language through the medium of 
reading develops, the visual information is then pre¬ 


sumably channeled into the already developed lan¬ 
guage regions of the dominant temporal lobe. 


FVIVCTMO\S OF THE PARMETO- 
OCCIPITOTEMPORAL CORTEX L\ THE 
XOXDOMIXAXT HEMISPHERE 

When Wernicke's area in the dominant hemisphere is de¬ 
stroyed, the person normally loses almost all intellectual 
functions associated with language or verbal symbolism, 
such as ability to read, ability to perform mathematical oper¬ 
ations, and even the ability to think through logical prob¬ 
lems. However, many other types of interpretative capabili¬ 
ties, some of which utilize the temporal lobe and angular 
gyrus regions of the opposite hemisphere, are retained. Psy¬ 
chological studies in patients with damage to their non¬ 
dominant hemispheres have suggested that this hemisphere 
may be especially important for understanding and inter¬ 
preting music, nonverbal visual experiences (especially vi¬ 
sual patterns), spatial relationships between the person and 
the surroundings, the significance of "body language" and 
intonations of persons' voices, and probably also many so¬ 
matic experiences related to use of the limbs and hands. 

Thus, even though we speak of the "dominant" hemi¬ 
sphere, this dominance is primarily for language - or verbal 
symbolism-related intellectual functions; the opposite 
hemisphere is actually dominant for some other types of 
intelligence. 


THE HMGHER IIXTELLECTVAL 
FVJVCTIOm OF THE PREFROIXTAL 
ASSOCIATIOJX AREA 

For years it has been taught that the prefrontal cortex is 
the locus of the higher intellect in the human being, 
principally because the main difference between the 
brain of monkeys and of human beings is the great 
prominence of the human prefrontal areas. Yet efforts 
to show that the prefrontal cortex is more important in 
higher intellectual functions than other portions of the 
brain have not been entirely successful. Indeed, de¬ 
struction of the language comprehension area in the 
posterior superior temporal lobe (Wernicke's area) and 
the angular gyrus region in the dominant hemisphere 
causes infinitely more harm to the intellect than does 
destruction of the prefrontal area. The prefrontal areas 
do, however, have less definable but nevertheless very 
important intellectual functions of their own. These 
can be explained best by describing what happens to 
patients in whom the prefrontal lobes have become 
nonfunctional as follows: 

Several decades ago, before the advent of modem 
dmgs for treating psychiatric conditions, it was found 
that some patients could receive significant relief from 
severe psychotic depression by severing of the neuro¬ 
nal connections between the prefrontal areas of the 
brain and the remainder of the brain, that is, by a 
procedure called prefrontal lobotomy. This was done by 
inserting a blunt, thin-bladed knife through small 
openings in the lateral frontal skull on both sides and 
slicing the brain from top to bottom. Subsequent stud- 
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ies in these patients showed the following mental 
changes: 

1. The patients lost their ability to solve complex 
problems. 

2. They became unable to string together sequential 
tasks to reach specific goals, and in general lost all 
ambition. 

3. They became unable to learn to do several paral¬ 
lel tasks at the same time. 

4. Their level of aggressiveness was decreased, 
sometimes markedly. 

5. Their social responses were often inappropriate 
for the occasion, including loss of morals and little 
embarrassment in relation to sex and excretion. 

6. The patients could still talk and comprehend lan¬ 
guage, but they were unable to carry through any long 
trains of thought, and their moods changed rapidly 
from sweetness to rage to exhilaration to madness. 

7. The patients could also still perform most of the 
usual patterns of motor function that they had per¬ 
formed throughout life, but often without purpose. 

From this information, let us try to piece together a 
coherent understanding of the function of the pre¬ 
frontal association areas. 

Decreased Aggressiveness and Inappropriate So¬ 
cial Responses. These two characteristics probably re¬ 
sult from loss of the ventral parts of the frontal lobes on 
the underside of the brain. As explained earlier and 
illustrated in Figure 19-4, this area is considered to be 
part of the limbic association cortex, rather than the 
prefrontal association cortex. This limbic area helps to 
control behavior. 

Inability to Progress Toward Goals or to Carry 
Through With Sequential Thoughts. We learned ear¬ 
lier in the chapter that the prefrontal association areas 
appear to have the capability of calling forth informa¬ 
tion from widespread areas of the brain and then using 
it in deeper thought patterns for attaining goals. If 
these goals include motor action, so be it. If they do not, 
then the thought processes attain intellectual analyti¬ 
cal goals. Although persons without prefrontal cortices 
can still think, they show little concerted thinking in 
logical sequence for longer than a few seconds or a few 
minutes at most. One of the results is that persons 
without prefrontal cortices are easily distracted from the 
central theme of the thought, whereas persons with 
functioning prefrontal cortices can drive themselves to 
completion of their thought goals irrespective of dis¬ 
tractions. 

Elaboration of Thought, Prognostication, and Per¬ 
formance of Higher Intellectual Functions by the 
Prefrontal Areas. Another function that has been 
ascribed to the prefrontal areas by psychologists and 
neurologists is elaboration of thought. This means sim¬ 
ply an increase in depth and abstractness of the differ¬ 
ent thoughts. Psychological tests have shown that pre¬ 
frontal lobectomized lower animals presented with 
successive bits of sensory information fail to keep track 
of these bits even in temporary memory — probably 
because they are distracted so easily that they cannot 
hold thoughts long enough for storage to take place. 


This ability of the prefrontal areas to keep track of 
many bits of informahon simultaneously, and then to 
cause recall of this information bit by bit as it is needed 
for subsequent thoughts, could well explain the many 
functions of the brain that we associate with higher 
intelligence, such as the abilities to (1) prognosticate, 
(2) plan for the future, (3) delay action in response to 
incoming sensory signals so that the sensory informa¬ 
tion can be weighed until the best course of response is 
decided, (4) consider the consequences of motor ac¬ 
tions even before these are performed, (5) solve com¬ 
plicated mathematical, legal, or philosophical prob¬ 
lems, (6) correlate all avenues of information in 
diagnosing rare diseases, and (7) control one's activi¬ 
ties in accord with moral laws. 


■ FL\CTIO.\ OF THE BRAI\ I\ 
COMMUMCATIOX 

One of the most important differences between the human 
being and lower animals is the facility with which human 
beings can communicate with one another. Furthermore, be¬ 
cause neurological tests can easily assess the ability of a per¬ 
son to communicate with others, we know more about the 
sensory and motor systems related to communication than 
about any other segment of cortical function. Therefore, we 
will review, vvdth the help of the anatomical maps of neural 
pathways in Figure 19-8, the function of the cortex in com¬ 
munication, and from this one can see immediately how the 
principles of sensory analysis and motor control apply to this 
art. 

There are tw^o aspects to communication: first, the sensory 
aspect, involving the ears and eyes, and, second, the motor 
aspect, involving vocalization and its control. 

Sensory Aspects of Communication 

We noted earlier in the chapter that destruction of portions of 
the auditory and visual association areas of the cortex can 
result in inability to understand the spoken word or the writ¬ 
ten word. These effects are called, respectively, auditory re¬ 
ceptive aphasia and visual receptive aphasia or, more com¬ 
monly, word deafness and word blindness (also called 
dyslexia). 

Wernicke's Aphasia and Global Aphasia. Some persons 
are perfectly capable of understanding either the spoken 
word or the written word but are unable to interpret the 
thought that is expressed. This results most frequently when 
Wernicke's area in the posterior portion of the dominant hemi¬ 
sphere superior temporal gyrus is damaged or destroyed. 
Therefore, this type of aphasia is generally called Wernicke's 
aphasia. 

When the lesion in Wernicke's area is widespread and 
extends (1) backward into the angular gyrus region, (2) infe- 
riorly into the lower areas of the temporal lobe, and (3) supe¬ 
riorly into the superior border of the sylvian fissure, the per¬ 
son is likely to be almost totally demented and therefore is 
said to have global aphasia. 

Motor Aspects of Communication 

The process of speech involves two principal stages of men¬ 
tation: (1) formation in the nund of thoughts to be expressed 
and choice of words to be used, then (2) motor control of 
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Speaking a heard word 


Broca's area 


Primary auditory area 


Wernicke's area 


Motor cortex 


Arcuate fasciculus 


Fi^re 19-8. Brain pathways for 
(top) perception of the heard word 
and then speaking the same word 
and (bottom) perception of the writ¬ 
ten word and then speaking the same 
word. (From Geschwind: Sci. Am., 
241:180, 1979. © 1979 by Scientific 
American, Inc. All rights reserved ) 


Speaking a written word cortex 



Broca's area 


Angular gyrus 


Primary 
visual area 


Wernicke's area 


vocalization and the actual act of vocalization itself. The 
formation of thoughts and even most choices of words are 
the function of the sensory areas of the brain. Again, it is 
Wernicke's area in the posterior part of the superior temporal 
gyrus that is most important for this ability. Therefore, per¬ 


sons with either Wernicke's aphasia or global aphasia are 
unable to formulate the thoughts that are to be communi¬ 
cated. Or, if the lesion is less severe, the person may be able 
to formulate thoughts but yet be unable to put together the 
appropriate sequence of words to express the thought 
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Often, the person is ver\^ fluent in words but the words are 
jumbled. 

Motor Aphasia. Often a person is perfectly capable of 
deciding what he wishes to say, and he is capable of v^ocaliz- 
ing, but he simply cannot make his vocal system emit words 
instead of noises. This effect, called motor aphasia, results 
from damage to Broca's speech area, which lies in the prefron¬ 
tal and premotor facial region of the cortex—about 95 per 
cent of the time in the left hemisphere, as illustrated in Fig¬ 
ures 19-5 and 19-8. Therefore, we assume that the skilled 
motor patterns for control of the lar}mx, lips, mouth, respira¬ 
tor}^ system, and other accessor}^ muscles of articulation are 
all initiated from this area. 

Articulation. Finally, we have the act of articulation itself, 
which means the muscular movements of the mouth, 
tongue, laiymx, and so forth, that are responsible for the 
actual emission of sound. The facial and laryngeal regions of 
the motor cortex activate these muscles, and the cerebellum, 
basal ganglia, and sensory cortex all help control the muscle 
contractions by feedback mechanisms described in Chapters 
17 and 18. Destruction of these regions can cause either total 
or partial inability to speak distinctly. 


Summary 

Figure 19-8 illustrates two principal pathways for commu¬ 
nication. The upper half of the figure shows the pathway 
involved in hearing and speaking. This sequence is the fol¬ 
lowing: (1) reception in the primar}' auditor}^ area of the 
sound signals that encode the w'ords; (2) interpretation of the 
w'ords in Wernicke's area; (3) determination, also in Wer¬ 
nicke's area, of the thoughts and the words to be spoken; (4) 
transmission of signals from Wernicke's area to Broca's area 
via the arcuate fasciculus; (5) activation of the skilled motor 
programs in Broca's area for control of word formation; and 
(6) transmission of appropriate signals into the motor cortex 
to control the speech muscles. 

The low'er figure illustrates the comparable steps in read¬ 
ing and then speaking in response. The initial receptive area 
for the words is in the primary' visual area rather than in the 
primarv' auditor}' area. Then the information passes through 
early stages of interpretation in the angular gyrus region and 
finally reaches its full level of recognition in Wernicke's area. 
From here, the sequence is the same as for speaking in re¬ 
sponse to the spoken word. 


■ FU\CTIO\ OF THE CORPUS 
CALLOSUM A\D A.XTERIOR 
COMMISSURE TO TRANSFER 
THOUGHTS, MEMORIES, TRAI\L\G, 

A\D OTHER L\FORMATIO.\ TO THE 
OPPOSITE HEMISPHERE 

Fibers in the corpus callosum connect most of the respective 
cortical areas of the two hemispheres w'ith each other except 
for the anterior portions of the temporal lobes; these tem¬ 
poral areas, including especially the amygdala, are intercon¬ 
nected by fibers that pass through the anterior commissure. 
Because of the tremendous number of fibers in the corpus 
callosum, it was assumed from the beginning that this mas¬ 
sive structure must have some important function to corre¬ 
late activities of the tw'o cerebral hemispheres. Howev'er, 
after cutting the corpus callosum in experimental animals, it 
was difficult to discern deficits in brain function. Therefore, 


for a long time the function of the corpus callosum was a 
myster}'. 

Yet properly designed psychological experiments have 
now demonstrated the extremely important functions of the 
corpus callosum and anterior commissure. These can be ex¬ 
plained best by recounting one of the experiments. A mon¬ 
key is first prepared by cutting the corpus callosum and split¬ 
ting the optic chiasm longitudinally so that signals from each 
eye can go only to the cerebral hemisphere on the side of the 
eye. Then the monkey is taught to recognize different types 
of objects with its right eye while its left eye is covered. Next, 
the right eye is covered and the monkey is tested to deter¬ 
mine w'hether or not its left eye can recognize the same ob¬ 
ject. The answ'er to this is that the left eye cannot recognize 
the object. Yet, on repeating the same experiment in another 
monkey with the optic chiasm split but the corpus callosum 
intact, it is found invariably that recognition in one hemi¬ 
sphere of the brain creates recognition also in the opposite 
hemisphere. 

Thus, one of the functions of the corpus callosum and the 
anterior commissure is to make information stored in 
the cortex of one hemisphere av'ailable to cortical areas of the 
opposite hemisphere. Three important examples of such co¬ 
operation between the tw’o hemispheres are the following; 

1. Cutting of the corpus callosum blocks transfer of infor¬ 
mation from Wernicke's area of the dominant hemisphere to 
the motor cortex on the opposite side of the brain. Therefore, 
the intellectual functions of the brain, located primarily in 
the dominant hemisphere, lose their control over the right 
motor cortex and therefore also of the voluntary motor func¬ 
tions of the left hand and arm even though the usual subcon¬ 
scious movements of the left hand and arm are completely 
normal. 

2. Cutting of the corpus callosum prevents transfer of so¬ 
matic and visual information from the right hemisphere into 
Wernicke's area of the dominant hemisphere. Therefore, so¬ 
matic and v'isual information from the left side of the body 
frequently fails to reach this general interpretative area of the 
brain and therefore cannot be used for decision-making. 

3. Finally, persons whose corpus callosum is completely 
sectioned are found to have two entirely separate conscious 
portions of the brain. For example, in a recently studied teen¬ 
age boy with a sectioned corpus callosum, only the left half 
of his brain could understand the spoken word, because it 
was the dominant hemisphere. On the other hand, the right 
side of the brain could understand the w'ritten word and 
could elicit a motor response to it without the left side of the 
brain ever knowing w'hy the response w'as performed. Yet 
the effect w'as quite different when an emotional response 
was ev'oked in the right side of the brain: in this case a sub¬ 
conscious emotional response occurred in the left side of the 
brain as well. This undoubtedly occurred because the areas 
of the two sides of the brain for emotions, the anterior tem¬ 
poral cortices and adjacent areas, were still communicating 
with each other through the anterior commissure that was 
not sectioned. For instance, when the command "kiss" was 
W'ritten for the right half of his brain to see, the boy immedi¬ 
ately and with full emotion, said "No way!" This response 
obv'iously required function of Wernicke's area and the 
motor areas for speech in the left hemispheres. But, w'hen 
questioned why he said this, the boy could not explain. Thus, 
the two halves of the brain have independent capabilities for 
consciousness, memory storage, communication, and con¬ 
trol of motor activities. The corpus callosum is required for 
the two sides to operate cooperatively, and the anterior com¬ 
missure plays an important additional role in uniMng the 
emotional responses of the tw'o sides of the brain. 
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■ THOUGHTS; 

COIVSCIOUSIVESS; 

AIVD MEMORY 

Our most difficult problem in discussing conscious¬ 
ness, thoughts, memory, and learning is that we do not 
know the neural mechanism of a thought. We know 
that destruction of large portions of the cerebral cortex 
does not prevent a person from having thoughts, but it 
usually does reduce the degree of awareness of the 
surroundings. 

Each thought almost certainly involves simulta¬ 
neous signals in many portions of the cerebral cortex, 
thalamus, limbic system, and reticular formation of the 
brain stem. Some crude thoughts probably depend al¬ 
most entirely on lower centers; the thought of pain is 
probably a good example, for electrical stimulation of 
the human cortex rarely elicits anything more than the 
mildest degree of pain, whereas stimulation of certain 
areas of the hypothalamus and mesencephalon often 
causes excruciating pain. On the other hand, a type of 
thought pattern that requires mainly the cerebral cor¬ 
tex is that of vision, because loss of the visual cortex 
causes complete inability to perceive visual form or 
color. 

Therefore, we might formulate a definition of a 
thought in terms of neural activity as follows: A 
thought results from the '"pattern" of stimulation of 
many different parts of the nervous system at the same 
time and in definite sequence, probably involving 
most importantly the cerebral cortex, the thalamus, the 
limbic system, and the upper reticular formation of the 
brain stem. This is called the holistic theory of thoughts. 
The stimulated areas of the limbic system, thalamus, 
and reticular formation are believed to determine the 
general nature of the thought, giving it such qualities 
as pleasure, displeasure, pain, comfort, crude modali¬ 
ties of sensation, localization to gross areas of the body, 
and other general characteristics. On the other hand, 
the stimulated areas of the cerebral cortex determine 
the discrete characteristics of the thought such as spe¬ 
cific localization of sensations on the body and of ob¬ 
jects in the fields of vision, discrete patterns of sensa¬ 
tion such as the rectangular pattern of a concrete block 
wall or the texture of a rug, and other individual char¬ 
acteristics that enter into the overall awareness of a 
particular instant. 

Consciousness can perhaps be described as our con¬ 
tinuing stream of awareness of either our surroundings 
or our sequential thoughts. 


IBEIBORY — ROLES OF SViXAPTiC 
FACtLtTATiOiX AAD SViyiAPTIC 
IXIUBiTIOiX 

Physiologically, memories are caused by changes in 
the capability of synaptic transmission from one 
neuron to the next as a result of previous neural activ¬ 
ity. These changes in turn cause new pathways to de¬ 
velop for transmission of signals through the neural 


circuits of the brain. The new pathways are called 
memory traces. They are important because, once es¬ 
tablished, they can be activated by the thinking mind 
to reproduce the memories. 

Experiments in lower animals have demonstrated 
that memory traces can occur at all levels of the ner¬ 
vous system. Even spinal cord reflexes can change at 
least slightly in response to repetitive cord activation, 
which is part of the memory process. Also, even some 
long-term memories result from changed synaptic 
conduction in the lower brain centers. To give an ex¬ 
ample, the blinking reflex is a learned function involv¬ 
ing neuronal circuits in the cerebellum. 

Yet there is much reason to believe that most of the 
memory that we associate with intellectual processes is 
based on memory traces mainly in the cerebral cortex. 

Positive and Negative Memory — "Sensitization" 
or "Habituation" of Synaptic Transmission. Al¬ 
though we often think of memories as being positive 
recollections of previous thoughts or experiences, 
probably the greater share of our memories is negative 
memories, not positive. That is, our brain is inundated 
with sensory information from all of our senses. If our 
minds attempted to remember all of this information, 
the memory capacity of the brain would be exceeded 
within minutes. Fortunately, though, the brain has the 
peculiar capacity to learn to ignore information that is 
of no consequence. This results from inhibition of the 
synaptic pathways for this type of information, and 
the resulting effect is called habituation. This is, in a 
sense, a type of negative memory. 

On the other hand, for those types of incoming in¬ 
formation that cause important consequences, such as 
pain or pleasure, the brain also has the automatic capa¬ 
bility of enhancing and storing the memory traces. 
Obviously, this is positive memory. It results trom fa¬ 
cilitation of the synaptic pathways, and the process is 
called memory sensitization. We learn later that special 
areas in the basal limbic regions of the brain determine 
whether information is important or unimportant and 
make the subconscious decision whether to store the 
thought as an enhanced memory trace or to suppress it. 

Classification of Memories. We all know that some 
memories last only a few seconds, and others hours, 
days, months, or years. For the purpose of discussing 
these, let us use a common classification of memories 
that divides memories into (1) immediate memory, 
which includes memories that last for seconds or at 
most minutes unless they are converted into short¬ 
term memories; (2) short-term memories, which last for 
days to weeks but eventually are lost; and (3) long-term 
memory, which, once stored, can be recalled up to years 
or even a lifetime later. 

EimEDiATE RERORY 

Immediate memory is typified by one's memory of up 
to 7 to 10 telephone numbers at a time (or other dis¬ 
crete facts) for a few seconds to a few minutes at a time, 
but lasting only so long as the person continues to 
think about the numbers or facts. 
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Many physiologists have suggested that immediate 
memory is caused by continual neural activity result¬ 
ing from nerve signals that travel around and around 
in a temporary memory trace through a circuit of rever¬ 
berating neurons. Unfortunately, it has not yet been 
possible to prove this theory. 

Another possible explanation of immediate memory 
is presynaptic facilitation or inhibition. This occurs at 
synapses that lie on presynaptic terminals, not on the 
subsequent neuron. The neurotransmitters secreted at 
such terminals frequently cause prolonged facilitation 
or inhibition (depending upon the type of transmitter 
secreted) for as long as seconds or even several min¬ 
utes. Obviously, circuits of this type could lead to im¬ 
mediate memory. 

A final possibility for explaining immediate memory 
is synaptic potentiation, which can enhance synaptic 
conduction. It can result from the accumulation of 
large amounts of calcium ions in the presynaptic termi¬ 
nals. That is, when a train of impulses passes through a 
presynaptic terminal, the amount of calcium ions in¬ 
creases with each impulse. When the amount of cal¬ 
cium ions becomes greater than the mitochondria and 
endoplasmic reticulum can absorb, the excess calcium 
then causes prolonged release of transmitter substance 
at the synapse. Thus, this, too, could be a mechanism 
for immediate memory. 


SHORT-TERM MEMORV 

Now we come to short-term memories that may last 
for many minutes or even weeks. Yet these will even¬ 
tually be lost unless the memory traces become more 
permanent; they are then classified as long-term mem¬ 
ories. Recent experiments in primitive animals have 
demonstrated that memories of this type can result 
from temporary chemical or physical changes, or both, 
either in the presynaptic terminals or in the postsynap- 
tic membrane, changes that can persist for up to sev¬ 
eral weeks. These mechanisms are so important that 
they deserv^e special description. 

Memory Based on Chemical and 
Physical Changes in the Presimaptic 
Terminal or Posisimaptic iXeuronal 
Membrane 

Figure 19-9 illustrates a mechanism of memory stud¬ 
ied especially by Kandel and his colleagues that can 
cause memories lasting for up to 3 weeks in the large 
snail Aplysia. In this figure there are two separate pre¬ 
synaptic terminals. One terminal is from a primary 
input sensory neuron and terminates on the surface of 
the neuron that is to be stimulated; this is called the 
sensory terminal The other terminal lies on the surface 
of the sensory terminal and is called the facilitator ter¬ 
minal. When the sensory terminal is stimulated repeat¬ 
edly but without stimulating the facilitator terminal, 
signal transmission at first is very great, but this be¬ 
comes less and less intense with repeated stimulation 


Noxious 

stimulus 



Figure 1 9 - 9. A memory system that has been discovered in the 
snail Aplysia. 


until transmission almost ceases. This phenomenon is 
called habituation. It is a type of memory that causes 
the neuronal circuit to lose its response to repeated 
events that are insignificant. 

On the other hand, if a noxious stimulus excites the 
facilitator terminal at the same time that the sensory 
terminal is stimulated, then, instead of the transmitted 
signal becoming progressively weaker, the ease of 
transmission becomes much stronger and will remain 
strong for hours, days, or, with more intense training, 
up to about 3 weeks even without further stimulation 
of the facilitator terminal. Thus, the noxious stimulus 
causes the memory pathway to become facilitated for 
days or weeks thereafter. It is especially interesting 
that once habituation has occurred, the pathway can 
be converted to a facilitated pathway with only a few 
noxious stimuli. 

At the molecular level, the habituation effect in the 
sensory terminal results from progressive closure of 
calcium channels of the terminal membrane, although 
the cause of this is not fully known. Nevertheless, 
much smaller than normal amounts of calcium can 
then diffuse into this terminal when action potentials 
occur, and much less transmitter is therefore released 
because calcium entry is the stimulus for transmitter 
release (as was discussed in Chapter 7). 

In the case of facilitation, the molecular mechanism 
is believed to be the following: 

1. Stimulation of the facilitator neuron at the same 
time that the sensory neuron is stimulated causes sero¬ 
tonin release at the facilitator synapse on the sensory 
presynaptic terminal. 

2. The serotonin acts on serotonin receptors in the 
sensory terminal membrane, and these activate the 
enzyme adenylate cyclase inside the membrane. This 
causes the formation of cyclic adenosine monophosphate 
(cAMP) inside the sensory presynaptic terminal. 

3. The cAMP activates a protein kinase that causes 
phosphorylation of a protein that is part of the potas¬ 
sium channels in the sensory terminal membrane. This 
blocks these channels for potassium conductance. This 
blockage of the potassium channels can last for min¬ 
utes up to several weeks. 

4. Lack of potassium conductance causes a greatly 
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prolonged action potential in the presynaptic terminal 
because the flow of potassium ions out of the terminal 
is necessary for recovery from the action potential. 

5. The prolonged action potential causes prolonged 
activation of the calcium pores, allowing tremendous 
quantities of calcium ions to enter the sensory termi¬ 
nal. These calcium ions then cause greatly increased 
transmitter release, thereby greatly facilitating synap¬ 
tic transmission. 

Thus, in a very indirect way the associative effect of 
stimulating the facilitator neuron at the same time that 
the sensory neuron is stimulated causes a prolonged 
change in the sensory terminal that produces the mem¬ 
ory trace. 

In addition, recent studies by Byrne and his col¬ 
leagues, also in the snail Aplysia, have suggested still 
another mechanism of cellular memory; their studies 
have shown that stimuli from two separate sources 
acting on a single neuron can, under appropriate con¬ 
ditions, cause long-term changes in the membrane 
properties of the entire postsynaptic neuron. Thus, this 
is another possible mechanism of short-term memory. 


LOi\G-TEMm MEMORY 

There is no real demarcation between the more pro¬ 
longed types of short-term memory and long-term 
memory. The distinction is one of degree. However, 
long-term memory is generally believed to result from 
actual structural changes at the synapses that enhance 
or suppress signal conduction. Again, let us recall ex¬ 
periments in primitive animals (where the nervous 
systems are much easier to study) that have aided im¬ 
mensely in understanding possible mechanisms of 
long-term memory. 

Structural and Other Physical Changes 
in Synapses During the Development of 
Long-Term Memory 

If the reader will refer to Figure 25 - 2 in Chapter 25, he 
or she will see that the vesicles in a presynaptic termi¬ 
nal release their transmitter substance into the synaptic 
cleft through a special release site. When extra 
amounts of calcium enter the terminal, those vesicles 
near the release site attach to receptors at the site; then 
it is this attachment that causes vesicular exocytosis of 
the transmitter substance into the synaptic cleft. 

Electron-microscopic pictures in invertebrate ani¬ 
mals have now demonstrated that the total area of this 
vesicular release site increases in the presynaptic ter¬ 
minal during the development of long-term memory 
traces. Conversely, during long periods of synaptic in¬ 
activity, the release site diminishes and may actually 
disappear. Furthermore, the growth of the site de¬ 
pends upon activation of specific genetic control 
mechanisms for synthesizing proteins that are re¬ 
quired for assembling the release structures. 

An intriguing characteristic of this mechanism for 
learning is that increased areas of vesicular release sites 


can be seen experimentally within hours after initiat¬ 
ing the training sessions. Thus, it is entirely possible 
that much of what we now consider to be the longer 
types of short-term memory are actually early stages of 
this purely anatomically based long-term memory. 

Therefore, at least in these primitive animals, at last 
we are beginning to understand a physical, structural 
basis for the development of long-term memory. 

Other Possible Physical^ Anatomical 
Mechanisms for Long-Term Memory 

Aside from increasing the physical capability for re¬ 
lease of neurotransmitter from the presynaptic termi¬ 
nals, memory development is also associated with an 
increase in the number of transmitter vesicles in the 
presynaptic terminals. And in some instances, the 
number of terminals themselves increases. Both of 
these effects could account for enhanced signal trans¬ 
mission. In fact, as a child grows and learns, the num¬ 
ber of synapses in the brain increases greatly. Con¬ 
versely, if a newborn animal is prevented from seeing 
with one of its eyes, those stripes of the visual cortex 
that are normally connected to the blinded eye fail to 
develop the same profusion of synapses as occurs for 
the other eye. Furthermore, taking the cover off the 
blinded eye reveals that the eye has not learned to see 
and has even lost much of its future capacity for learn¬ 
ing to see. 

Finally, in addition to changed synaptic conduction 
as a basis for learning, there is also the possibility of 
changing numbers of neurons in the used circuits. 
However, in this case, the process seems to be one of 
negative selection, for the brain has its greatest peak 
number of neurons at the time of birth or shortly after 
birth. Then, during the subsequent period of most 
rapid learning, those neurons that are excited appear to 
flourish; whereas those that remain unexcited may 
disappear altogether. 

Therefore, it is likely that the human brain utilizes 
several different methods for enhancing or suppress¬ 
ing neuronal transmission when establishing memo¬ 
ries. 


COiYSOLMDATMOIY OF MEMORY 

For an immediate memory to be converted into either a 
more prolonged short-term memory or a long-term 
memory that can be recalled weeks or years later, it 
must become "consolidated." That is, the memory 
must in some way initiate the chemical, physical, and 
anatomical changes in the synapses that are responsi¬ 
ble for the long-term type of memory. This process 
requires 5 to 10 min for minimal consolidation and an 
hour or more for maximal consolidation. For instance, 
if a strong sensory impression is made on the brain but 
is then followed within a minute or so by an electrically 
induced brain convulsion, the sensory experience will 
not be remembered at all. Likewise, brain concussion, 
sudden application of deep general anesthesia, or any 
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other effect that temporarily blocks the dynamic func¬ 
tion of the brain can prevent consolidation. 

However, if the strong electrical shock is delayed for 
more than 5 to 10 min, at least part of the memory trace 
will have become established. If the shock is delayed 
for an hour, the memory will have become even much 
more fully consolidated. 

The process of consolidation and the time required 
for consolidation can probably be explained by the 
phenomenon of rehearsal of the immediate memory as 
follows: 

Role of Rehearsal in Transference of Immediate 
Memory into Longer Memory. Psychological studies 
have shown that rehearsal of the same information 
again and again accelerates and potentiates the degree 
of transfer of immediate memory into longer-term 
memory, and therefore also accelerates and poten¬ 
tiates the process of consolidation. The brain has a 
natural tendency to rehearse newfound information, 
and especially to rehearse newfound information that 
catches the mind's attention. Therefore, over a period 
of time the important features of sensory experiences 
become progressively more and more fixed in the sec¬ 
ondary memory stores. This explains why a person can 
remember small amounts of information studied in 
depth far better than large amounts of information 
studied only superficially. It also explains why a per¬ 
son who is wide awake will consolidate memories far 
better than a person who is in a state of mental fatigue. 

Codifying of Memories During the Process of 
Consolidation. One of the most important features of 
the process of consolidation is that memories placed 
permanently into the longer-term memory storehouse 
are codified into different classes of information. Dur¬ 
ing this process similar information is recalled from the 
memory storage bins and is used to help process the 
new information. The new and old are compared for 
similarities and for differences, and part of the storage 
process is to store the information about these similar¬ 
ities and differences, rather than simply to store the 
information unprocessed. Thus, during the process of 
consolidation, the new memories are not stored ran¬ 
domly in the brain, but instead are stored in direct 
association with other memories of the same type. This 
is obviously necessary if one is to be able to "search" 
the memory store at a later date to find the required 
information. 

Role of Specific Paris of the Brain in 
the Remory Process 

Role of the Hippocampus for Storage of Mem¬ 
ories— Anterograde Amnesia Following Hippo¬ 
campal Lesions. The hippocampus is the most medial 
portion of the temporal lobe cortex where it folds un¬ 
derneath the brain and then upward into the lower 
surface of the lateral ventricle. The two hippocampi 
have been removed for the treatment of epilepsy in a 
number of patients. This procedure does not seriously 
affect the person's memory for information stored in 
the brain prior to removal of the hippocampi. How¬ 


ever, after removal, these persons have very little ca¬ 
pacity for storing verbal and symbolic types of memories 
in long-term memory, or even in short-term memory 
lasting longer than a few minutes. Therefore, these 
persons are unable to establish new long-term memo¬ 
ries of those types of information that are the basis of 
intelligence. This is called anterograde amnesia. 

But why is the hippocampus so important in helping 
the brain to store new memories? The probable answer 
is that the hippocampus is one of the important output 
pathways from the "reward" and "punishment" areas 
of the limbic system. These areas are found in many 
of the basal regions of the brain, and they feed into 
the hippocampus. Those sensory stimuli, or even 
thoughts, that cause pain or aversion excite the punish¬ 
ment centers, whereas those stimuli that cause plea¬ 
sure, happiness, or a sense of reward excite the reward 
centers. All of these together provide the background 
mood and motivations of the person. Among these 
motivations is the drive in the brain to remember those 
experiences and thoughts that are either pleasant or 
unpleasant. The hippocampus especially and to a 
lesser degree the dorsal medial nuclei of the thalamus, 
another limbic structure, have proved especially im¬ 
portant in making a decision about which of our 
thoughts are important enough on a basis of reward or 
punishment to be worthy of memory. 

Lesions in other parts of the temporal lobes besides 
the hippocampi, especially of the amygdalas, are also 
frequently associated with reduced ability to store new 
memories. This probably results from two factors: (1) 
the association of the other parts of the temporal lobes 
with the hippocampi and therefore failure of the usual 
consolidation process for memories, and (2) the fact 
that Wernicke's area, which is the major locus of in¬ 
tellectual operations of the brain, is located in the 
temporal lobe. The reason that lesions affecting 
Wernicke's area might diminish memory storage is 
probably that consolidation of memories requires 
analysis of the memory so that it can be stored in asso¬ 
ciation with other memories of like kind. 

Retrograde Amnesia. Retrograde amnesia means in¬ 
ability to recall memories from the past — that is, from 
the long-term memory storage bins — even though the 
memories are known to be still there. When retrograde 
amnesia occurs, the degree of amnesia for recent 
events is likely to be much greater than for events of 
the distant past. The reason for this difference is proba¬ 
bly that the distant memories have been rehearsed so 
many times that the memory traces are deeply en¬ 
grained so that elements of these memories are stored 
in widespread areas of the brain. 

In some persons who have hippocampal lesions, 
some degree of retrograde amnesia occurs along with 
anterograde amnesia just discussed, which suggests 
that these two types of amnesia are at least partially 
related and that hippocampal lesions can cause both. 
However, it has also been claimed that damage in 
some thalamic areas can lead specifically to retrograde 
amnesia without causing significant anterograde am¬ 
nesia. A possible explanation of this is that the thala- 
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mus might play a role in helping the person ''search'" 
the memory storehouses and thus "read out" the 
memories. That is, the memory process requires not 
only the storing of memories but also the ability to 
search and find the memory at a later date. The possi¬ 
ble function of the thalamus in this process is discussed 
in the following chapter. 

Lack of Importance of the Hippocampi in Reflex¬ 
ive Learning. It should be noted, however, that per¬ 
sons with either temporal lobe or hippocampal lesions 
usually do not have difficulty in learning physical 
skills that do not involve verbalization or symbolic 
types of intelligence. For instance, these persons can 
still learn hand and physical skills such as those re¬ 
quired in many types of sports. This type of learning is 
called reflexive learning; it depends on physically re¬ 
peating the required tasks over and over again, rather 
than on symbolic rehearsing in the mind. 
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Behavioral and Motivational 
Mechanisms of the Brain — 
The Limbic System and the 
Hypothalamus 


The control of behavior is a function of the entire ner¬ 
vous system. Even the discrete cord reflexes are an 
element of behavior, and the wakefulness and sleep 
cycle discussed in the following chapter is certainly 
one of the most important of our behavioral patterns. 
However, in this chapter we deal first with those 
mechanisms that control the levels of activity in the 
different parts of the brain. Then we discuss the bases 
of motivational drives, especially the motivational 
control of the learning process and the feelings of 
pleasure or punishment. These functions of the ner¬ 
vous system are performed mainly by the basal regions 
of the brain, which together are loosely called the lim¬ 
bic, meaning "border," system. 


■ THE ACTIV ATI\G-DRIVTIVG 
SYSTEMS OF THE BRAL\ 

In the absence of continuous transmission of nerve 
signals from the brain stem into the cerebrum, the 
brain becomes useless. In fact, severe compression of 
the brain stem at the juncture between the mesenceph¬ 
alon and cerebrum, often resulting from a pineal 
tumor, usually causes the person to go into unremitting 
coma lasting for the remainder of the person's life. 

Nerve signals in the brain stem activate the cerebral 
part of the brain in two different ways: (1) by directly 
stimulating the background level of activity in wide 
areas of the brain and (2) by activating neurohormonal 
systems that release specific facilitory or inhibitory 
hormonal substances into selected areas of the brain. 
These two activating systems always function together 
and cannot be distinguished entirely from each other; 
nevertheless, let us discuss each as a separate entity. 


CONTROL OF CEREBRAL ACTIVlTk^ 

BV COXTIXVOVS EXCITATORY 
SIGiXALS FROM THE BRALX STEM 

The Reticular Excitatory Area of the 
Brain Stem 

Figure 20-1 illustrates a general system for controlling 
the level of activity of the brain. The central driving 
component of this system is an excitatory area called 
the hulboreticular facilitory area. This lies in the reticu¬ 
lar substance of the middle and lateral pons and mes¬ 
encephalon. Actually, we have already discussed this 
area in Chapter 17, for it is the same brain stem reticu¬ 
lar area that transmits facilitory signals downward to 
the spinal cord to maintain tone in the antigravity mus¬ 
cles and also to control the level of activity of the spinal 
cord reflexes. In addition to these downward signals, 
this area sends a profusion of signals in the upward 
direction as well. Most of these synapse in the thala¬ 
mus and are distributed from there to all regions of the 
cerebral cortex, although others go to most of the other 
subcortical structures besides the thalamus as well. 

The signals passing through the thalamus are of two 
types. One type is rapidly transmitted action potentials 
that excite the cerebrum for only a few milliseconds. 
These originate from very large neuronal cell bodies 
that lie throughout the reticular area. Their nerve end¬ 
ings release the neurotransmitter substance acetylcho¬ 
line, which serves as the excitatory agent, lasting for 
only a few milliseconds before it is destroyed. 

The second type of excitatory signal originates from 
large numbers of very small neurons spread through¬ 
out the reticular excitatory area. Again, most of these 
pass to the thalamus, but this time through small, very 
slowly conducting fibers, and synapsing mainly in the 
intralaminar nuclei of the thalamus and reticular nu- 
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Thalamus 



Figure 20 — 1 . The excitatory-activating system of the brain. Also 
shown is an inhibitory area in the medulla that can inhibit or 
depress the activating system. 


dei over the surface of the thalamus. From here, addi¬ 
tional very small fibers are distributed everywhere in 
the cerebral cortex. The excitatory effect caused by this 
system of fibers can build up progressively for many 
seconds to a minute or more, which suggests that its 
signals are especially important for controlling the 
longer-term background excitability level of the brain. 

Excitation of the Brain Stem Excitatory Area by 
Peripheral Sensory Signals. The level of activity of 
the brain stem excitatory area, and therefore the level 
of activity of the entire brain, is determined to a great 
extent by the sensory signals that enter the excitatory 
area from the periphery. Pain signals, in particular, 
increase the activity in this area and therefore strongly 
exdte the brain to attention. 

The importance of sensory signals in activating the 
exdtatory area is illustrated by the effect of cutting the 
brain stem above the point where the bilateral fifth 
nerves enter the pons. These are the highest nerves 
that transmit significant numbers of somatosensory 
signals into the brain. When all of these signals are 
gone, the level of activity in the excitatory area dimin¬ 
ishes abruptly, and the brain proceeds instantly to 
greatly reduced activity, actually approaching a per¬ 
manent state of coma. Yet when the brain stem is tran¬ 
sected below the fifth nerves, which leaves much input 
of the sensory signals from the facial and oral regions, 
the coma is averted. 

Increased Activity of the Brain Stem Excitatory 
Area Caused by Feedback Signals From the Cere¬ 
brum. Not only do excitatory signals pass to the cere¬ 


brum from the bulboreticular excitatory area of the 
brain stem, but signals in turn return from the cere¬ 
brum back to the bulbar regions. Therefore, any time 
the cerebral cortex becomes activated by either think¬ 
ing or motor processes, reverse signals are sent back to 
the brain stem excitatory areas; this obviously helps to 
maintain the level of excitation of the cerebral cortex or 
even to enhance it. Thus, this is a general mechanism 
of positive feedback that allows any beginning activity 
in the cerebrum to support still more activity, thus 
leading to an awake mind. 

The Thalamus Is a Distribution Center That Con¬ 
trols Activity in Specific Regions of the Cortex. It 
was pointed out in the previous chapter, and illus¬ 
trated in Figure 19-2, that almost every area of the 
cerebral cortex connects with its own highly specific 
area in the thalamus. Therefore, electrical stimulation 
of a specific point in the thalamus will activate a spe¬ 
cific small region of the cortex. Furthermore, signals 
regularly reverberate back and forth between the thal¬ 
amus and the cerebral cortex, the thalamus exciting the 
cortex and the cortex then re-exciting the thalamus by 
way of return fibers. It has been suggested that the part 
of the thinking process that helps us to establish long¬ 
term memories might result from just such back-and- 
forth reverberation of signals. 

However, can the thalamus also function internally 
within the brain to call forth specific memories or to 
activate specific thought processes? The answer to this 
is not known. Yet, certainly, the thalamus does have 
the appropriate neuronal circuitry to do this. 

An inhibitory Reticular Area Located in 
the Lower Brain Stem 

Figure 20-1 illustrates still another area that is impor¬ 
tant in controlling brain activity. This is the reticular 
inhibitory area located medially and ventrally in the 
medulla. In Chapter 17 we saw that this area can in¬ 
hibit the reticular facilitory area of the upper brain 
stem and thereby reduce the tonic nerve signals trans¬ 
mitted through the spinal cord to the antigravity mus¬ 
cles. Likewise, this same inhibitory area, when excited, 
will decrease activity in the superior portions of the 
brain as well. One of the mechanisms that it uses is to 
excite serotonergic neurons; these, in turn, secrete the 
inhibitory neurohormone serotonin at crucial points in 
the brain; we discuss this in more detail later. 


i\EVROHORHOi\AL COXTROL OF 
BRAiX ACTIVirr 

Aside from direct control of brain activity by specific 
transmission of nerve signals from the lower brain 
areas to the cortical regions of the brain, still another 
method is also used to control brain activity. This is the 
release of excitatory or inhibitory neurotransmitter 
hormonal agents into the substance of the brain. These 
neurohormones often persist for minutes or even 
hours and thereby provide long periods of control 
rather than instantaneous activation or inhibition. 
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Figure 20-2 illustrates three neurohormonal sys¬ 
tems that have been mapped in detail in the rat brain, a 
norepinephrine system, a dopamine system, and a sero¬ 
tonin system. Usually norepinephrine functions as an 
excitatory hormone, while serotonin is usually inhibi¬ 
tory, and dopamine is excitatory in some areas but 
inhibitory in others. Therefore, as would be expected, 
these three different systems have different effects on 
the levels of excitability in different parts of the brain. 
The norepinephrine system spreads to virtually every 
area of the brain, whereas the serotonin and dopamine 
systems are directed to much more specific brain re¬ 
gions, the dopamine system mainly into the basal 
ganglial regions and the serotonin system more into 
the midline structures. 

Neurohormonal Systems in the Human Brain. 
Figure 20-3 illustrates the brain stem areas in the 
human brain for activating four different neurohor¬ 
monal systems, the same three discussed above for the 


Cerebellum 




Dopamine 



Fi^re 20 — 2. Three neurohormonal systems that have been 
mapped in the rat brain: a norepinephrine system, a dopamine 
system, and a serotonin system. (Adapted from Kelly, J. P. (after 
Cooper, Bloom, and Roth) in Kandel and Schwartz: Principles of 
Neural Science, 2nd Ed. New York, Elsevier, 1985.) 
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Figure 20 — 3. Multiple centers in the brain stem, the neurons of 
which secrete different transmitter substances. These neurons 
send control signals upward into the diencephalon and cerebrum 
and downward into the spinal cord. 


rat and one other, the acetylcholine system. Some of the 
specific functions of these are as follows: 

1. The locus ceruleus and the norepinephrine system. 
The locus ceruleus is a small area located bilaterally and 
posteriorly at the juncture between the pons and the 
mesencephalon. Nerve fibers from this area spread 
throughout the brain, the same as illustrated for the rat 
in the top frame of Figure 20-2, and they secrete nor¬ 
epinephrine. The norepinephrine excites the brain to 
generalized increased activity. However, it has inhibi¬ 
tory effects in a few areas because of inhibitory recep¬ 
tors at certain neuronal synapses. In the following 
chapter we see that this system probably plays a very 
important role in causing a dreaming type of sleep 
called REM sleep. 

2. The substantia nigra and the dopamine system. The 
substantia nigra is discussed in Chapter 18 in relation to 
the basal ganglia. It lies anteriorly in the superior mes¬ 
encephalon, and its neurons send nerve endings 
mainly to the caudate nucleus and putamen, where 
they secrete dopamine. Other neurons located in adja¬ 
cent regions also secrete dopamine, but these send 
their endings into the ventral areas of the cerebrum, 
especially to the hypothalamus and the limbic system. 
The dopamine is believed to act as an inhibitory trans¬ 
mitter in the basal ganglia, but in some of the other 
areas of the brain it is possibly excitatory. Also, re¬ 
member from Chapter 18 that destruction of the dopa¬ 
minergic neurons in the substantia nigra is the basic 
cause of Parkinson's disease. 

3. The raphe nuclei and the serotonin system. In the 
midline of the lower pons and medulla are several very 
thin nuclei called the raphe nuclei. Many of the neurons 
in these nuclei secrete serotonin. They send many fibers 
into the diencephalon and fewer fibers to the cerebral 
cortex; still many others descend to the spinal cord. 
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The cord fibers have the ability to suppress pain, which 
is discussed in Chapter 10. The serotonin released in 
the diencephalon and cerebrum almost certainly plays 
an essential inhibitory role to help cause normal sleep, 
as we discuss in the following chapter. 

4. The gigantocellular neurons of the reticular excit¬ 
atory area and the acetylcholine system. Earlier, we dis¬ 
cussed the gigantocellular neurons (the giant cells) in 
the reticular excitatory area of the pons and mesen¬ 
cephalon. The fibers from these large cells divide im¬ 
mediately into two branches, one passing upward to 
the higher levels of the brain and the other passing 
downward through the reticulospinal tracts into the 
spinal cord. The neurohormone secreted at their termi¬ 
nals is acetylcholine. In most places, the acetylcholine 
functions as an excitatory neurotransmitter at specific 
synapses. 

Still other acetylcholine-secreting neurons are 
present in some regions of the diencephalon; some 
psychiatric disorders of the brain have been found to 
be associated with decreased function or even destruc¬ 
tion of some of these neurons. 

Other Neurotransmitters and Neurohormonal 
Substances Secreted in the Brain. Without describing 
their function, the following is a list of still other neu¬ 
rohormonal substances that, among others, function 
either at synapses or by release into the fluids of 
the brain: enkephalins, gamma-aminobutyric acid 
(GABA), glutamate, vasopressin, adrenocorticotropic 
hormone, epinephrine, endorphins, angiotensin II, 
neurotensin. 

Thus, there are multiple neurohormonal systems in 
the brain, the activation of each of which plays its own 
role in controlling a different quality of brain function. 

■ THE LIMBIC SYSTEM 

The word "'limbic" means "border." Originally, the 
term "limbic" was used to describe the border struc¬ 
tures around the basal regions of the cerebrum, but as 
we have learned more about the functions of the limbic 
system, the term "limbic system"has been expanded to 
mean the entire neuronal circuitry that controls emo¬ 
tional behavior and motivational drives. 

A major part of the limbic system is the hypothala¬ 
mus, with its related structures. In addition to their 
roles in behavioral control, these areas also control 
many internal conditions of the body as well, such as 
body temperature, osmolality of the body fluids, the 
drive to eat and drink and control body weight, and so 
forth. These internal functions are collectively called 
vegetative functions of the brain, and their control is 
obviously closely related to behavior. 

■ FUI\CTIO\AL AIVATOMY OF THE 

LIMBIC SYSTEM; ITS RELATIO\ ALSO 

TO THE HYPOTHALAMUS 

Figure 20-4 illustrates the anatomical structures of the lim¬ 
bic system, showing these to be an interconnected complex 


of basal brain elements. Located in the midst of all these is 
the hypothalamus, which is considered by some anatomists to 
be a structure separate from the remainder of the limbic 
system but which, from a physiological point of view, is one 
of the central elements of the system. Figure 20-5 illustrates 
schematically this key position of the hypothalamus in the 
limbic system and shows that surrounding it are the other 
subcortical structures of the limbic system, including the sep¬ 
tum, the paraolfactory area, the epithalamus, the anterior nu¬ 
cleus of the thalamus, portions of the basal ganglia, the hippo¬ 
campus, and the amygdala. 

Surrounding the subcortical limbic areas is the limbic cor¬ 
tex, composed of a ring of cerebral cortex (1) beginning in the 
orbitofrontal area on the ventral surface of the frontal lobes, 
(2) extending upward in the subcallosal gyrus beneath the 
anterior limb of the corpus callosum, (3) over the top of the 
corpus callosum onto the medial aspect of the cerebral hemi¬ 
sphere in the cingulate gyrus, and finally (4) passing behind 
the corpus callosum and downward onto the ventromedial 
surface of the temporal lobe to the parahippocampal gyrus 
and uncus. Thus, on the medial and ventral surfaces of each 
cerebral hemisphere is a ring mostly of paleocortex that sur¬ 
rounds a group of deep structures intimately associated with 
overall behavior and with emotions. In turn, this ring of 
limbic cortex functions as a two-way communication and 
association linkage between the neocortex and the lower lim¬ 
bic structures. 

It is also important to recognize that many of the behav¬ 
ioral functions elicited from the hypothalamus and other 
limbic structures are mediated through the reticular nuclei 
and their associated nuclei in the brain stem. It is pointed out 
in Chapter 17 and earlier in this chapter that stimulation of 
the excitatory portion of the reticular formation can cause 
high degrees of somatic and cerebral cortical excitability; in 
Chapter 22 we see that most of the hypothalamic signals for 
control of the autonomic nervous system also are transmitted 
through nuclei located in the brain stem. 

A very important route of communication between the 
limbic system and the brain stem is the medial forebrain bun¬ 
dle that extends from the septal and orbitofrontal cortical 
regions downward through the middle of the hypothalamus 
to the brain stem reticular formation. This bundle carries 
fibers in both directions, forming a trunk line communica¬ 
tion system. A second route of communication is through 
short pathways among the reticular formation of the brain 
stem, the thalamus, the hypothalamus, and most of the other 
contiguous areas of the basal brain. 


■ THE HYPOTHALAMUS; A 
MAJOR OUTPUT PATHWAY 
OF THE LIMBIC SYSTEM 

The hypothalamus has communicating pathways with 
all levels of the limbic system. In turn, it and its closely 
allied structures send output signals in three directions: 
(1) downward to the brain stem, mainly into the reticu¬ 
lar areas of the mesencephalon, pons, and medulla; (2) 
upward toward many higher areas of the diencepha¬ 
lon and cerebrum, especially to the anterior thalamus 
and the limbic cortex; and (3) into the infundibulum to 
control most of the secretor)^ functions of both the 
posterior and anterior pituitary glands. 

Thus, the hypothalamus, which represents less than 
1 per cent of the brain mass, nevertheless is one of the 
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Figure 20-4. Anatomy of the limbic system illustrated by the shaded areas of the figure. (From Warwick and \V' illiams: Gray ’s Anatomy. 
35th Br. Ed. London, Longman Group, Ltd., 1973.) 


most important of the motor output pathways of the 
limbic system. It controls most of the vegetative and 
endocrine functions of the body as well as many 
aspects of emotional behavior. Let us discuss first the 
vegetative and endocrine control functions and then 
return to the behavioral functions of the hypothala¬ 
mus to see how all these operate together. 



Figure 20-5. The limbic system. 


VEGETATnE AiXD E\DOCRI\E 
COATROL FViXCTIOiXS OF THE 
HYPOTHAM^UVS 

The different hypothalamic mechanisms for control¬ 
ling the vegetative and endocrine functions of the 
body are discussed in many different chapters 
throughout this text. For instance, the role of the hypo¬ 
thalamus in arterial pressure regulation is discussed in 
Chapter 27, water conservation in Chapter 28, temper¬ 
ature regulation in Chapter 28, and endocrine control 
in Chapter 29. However, to illustrate the organization 
of the hypothalamus as a functional unit, let us sum¬ 
marize the more important of its vegetative and endo¬ 
crine functions here as well. 

Figures 20-6 and 20-7 show enlarged coronal and 
sagittal views of the hypothalamus, which represents 
only a small area in Figure 20-4. Please take a few 
minutes to study these Vagrams, especially to read in 
Figure 20-6 the multiple activities that are excited or 
inhibited when respective hypothalamic nuclei are 
stimulated. In addition to those centers that are illus¬ 
trated in Figure 20-6, a large lateral hypothalamic area 
overlies the illustrated areas on each side of the hypo¬ 
thalamus. The lateral areas are especially important in 
controlling thirst, hunger, and many of the emotional 
drives. 

A word of caution must be issued for studying these 
diagrams, however, for the areas that cause specific 
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Figure 20-6. Control centers Lateral hypothalamic area (not shown) 
of the hypothalamus. (Thirst and hunger) 


activities are not nearly so accurately localized as sug¬ 
gested in the figure. Also, it is not known whether the 
effects noted in the figure result from stimulation of 
specific control nuclei or whether they result merely 
from activation of fiber tracts leading from control nu¬ 
clei located elsewhere. With this caution in mind, we 
can give the following general description of the vege¬ 
tative and control functions of the hypothalamus. 

Cardiovascular Regulation. Stimulation of different 
areas throughout the hypothalamus can cause every known 
type of neurogenic effect on the cardiovascular system, in¬ 
cluding increased arterial pressure, decreased arterial pres¬ 
sure, increased heart rate, and decreased heart rate. In gen¬ 
eral, stimulation in the posterior and lateral hypothalamus 
increases the arterial pressure and heart rate, whereas stimu¬ 
lation in the preoptic area often has opposite effects, causing a 
decrease in both heart rate and arterial pressure. These ef¬ 
fects are transmitted mainly through the cardiovascular con¬ 
trol centers in the reticular regions of the medulla and pons. 
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Figure 20 — 7, Coronal vMew of the hypothalamus, showing the 
mediolateral positions of the respective hypothalamic nuclei. 


Regulation of Body Temperature. The anterior portion of 
the hypothalamus, especially the preoptic area, is concerned 
with regulation of body temperature. An increase in the tem¬ 
perature of the blood flowing through this area increases the 
activity of temperature-sensitive neurons, whereas a de¬ 
crease in temperature decreases their activity. In turn, these 
neurons control the mechanisms for increasing or decreasing 
body temperature, as discussed in Chapter 28. 

Regulation of Body Water. The hypothalamus regulates 
body water in two separate ways: (1) by creating the sensa¬ 
tion of thirst, which makes an animal drink water; and (2) by 
controlling the excretion of water into the urine. An area 
called the thirst center \s located in the lateral hypothalamus. 
When the electrolytes inside the neurons either of this center 
or allied areas of the hypothalamus become too concen¬ 
trated, the animal develops an intense desire to drink water; 
it will search out the nearest source of water and drink 
enough to return the electrolyte concentration of the thirst 
center neurons to normal. 

Control of renal excretion of water is vested mainly in the 
supraoptic nucleus. When the body fluids become too con¬ 
centrated, the neurons of this area become stimulated. The 
nerve fibers from these neurons project downward through 
the infundibulum into the posterior pituitary gland, where 
they secrete a hormone called antidiuretic hormone (also 
called vasopressin). This hormone is then absorbed into the 
blood and acts on the collecting ducts of the kidneys to cause 
massive reabsorption of water, thereby decreasing the loss of 
water into the urine. 

Regulation of Uterine Contractility and of Milk Ejec¬ 
tion by the Breasts. Stimulation of the paraventricular nu¬ 
cleus causes its neuronal cells to secrete the hormone oxy¬ 
tocin. This in turn causes increased contractility of the uterus 
and also contraction of the myoepithelial cells that surround 
the alveoli of the breasts, which then causes the alveoli to 
empty the milk through the nipples. At the end of preg¬ 
nancy, especially large quantities of oxytocin are secreted, 
and this secretion helps to promote labor contractions that 
expel the baby. Also, when a baby suckles the mother's 
breast, a reflex signal from the nipple to the hypothalamus 
causes oxytocin release, and the oxytocin then performs the 
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necessary function of expelling the milk through the nipples 
so that the baby can nourish itself. 

Gastrointestinal and Feeding Regulation. Stimulation of 
several areas of the hypothalamus causes an animal to expe¬ 
rience extreme hunger, a voracious appetite, and an intense 
desire to search for food. The area most associated with 
hunger is the lateral hypothalamic area. On the other hand, 
damage to this causes the animal to lose desire for food, 
sometimes causing lethal starvation. 

A center that opposes the desire for food, called the satiety 
center, is located in the ventromedial nucleus. When this 
center is stimulated, an animal that is eating food suddenly 
stops eating and shows complete indifference to food. On 
the other hand, if this area is destroyed bilaterally, the ani¬ 
mal cannot be satiated; instead, its hypothalamic hunger 
centers become overactive, so that it has a voracious appetite, 
resulting in tremendous obesity. 

Another area closely associated with the hypothalamus 
that enters into the overall control of gastrointestinal activity 
is the mamillary bodies; these control the patterns of many 
feeding reflexes, such as licking the lips and swallowing. 

Hipolhalamic Control of the Anterior 
Pituitary Gland 

Stimulation of certain areas of the hypothalamus also causes 
the anterior pituitary gland to secrete its hormones. This sub¬ 
ject is discussed in detail in Chapter 29 in relation to the 
neural control of the endocrine glands. Briefly, the basic 
mechanisms are the following: 

The anterior pituitary gland receives its blood supply 
mainly from venous blood that flows into the anterior pitui¬ 
tary sinuses after having passed first through the lower part 
of the hypothalamus. As the blood courses through the hy¬ 
pothalamus before reaching the anterior pituitary, releasing 
and inhibitory hormones are secreted into the blood by var¬ 
ious hypothalamic nuclei. These hormones are then trans¬ 
ported in the blood to the anterior pituitary, where they act 
on the glandular cells to control the release of the anterior 
pituitary hormones. 

The cell bodies of the neurons that secrete these releasing 
hormones and inhibitory hormones are located mainly in the 
medial basal nuclei of the hypothalamus, especially in the 
paraventricular zone, the arcuate nucleus, and part of the ven¬ 
tromedial nucleus. However, the axons from these nuclei 
then project to the median eminence, which is an enlarged 
area of the infundibulum where it arises from the inferior 
border of the hypothalamus. It is here that the nerve termi¬ 
nals actually secrete their releasing and inhibitory hormones. 
These hormones are then absorbed into the blood capillaries 
in the median eminence and carried in the venous blood 
down along the infundibulum to the anterior pituitary gland. 

Summary. A number of areas of the hypothalamus con¬ 
trol specific vegetative functions. However, these areas are 
still poorly delimited, so much so that the above specification 
of different areas for different hypothalamic functions is still 
tentative. 


BEHAVWRAL FUiXCTlOiXS OF THE 
HVPOTHAEAAWS AND ASSOCIATED 
LIHBMC STRUCTURES 

Aside from the vegetative and endocrine functions of 
the hypothalamus, stimulation of or lesions in the hy¬ 
pothalamus often have profound effects on the emo¬ 
tional behavior of animals or human beings. 


In animals, some of the behavioral effects of stimu¬ 
lation are the following: 

1. Stimulation in the lateral hypothalamus not only 
causes thirst and eating as discussed above but also 
increases the general level of activity of the animal, 
sometimes leading to overt rage and fighting, as is 
discussed subsequently. 

2. Stimulation in the ventromedial nucleus and sur¬ 
rounding areas mainly causes effects opposite to those 
caused by lateral hypothalamic stimulation — that is, a 
sense of satiety, decreased eating, and tranquility. 

3. Stimulation of a thin zone of the periventricular 
nucleus, located immediately adjacent to the third ven¬ 
tricle (or also stimulation of the central gray area of the 
mesencephalon that is continuous with this portion of 
the hypothalamus) usually leads to fear and punish¬ 
ment reactions. 

4. Sexual drive can be stimulated from several areas 
of the hypothalamus, especially the most anterior and 
most posterior portions of the hypothalamus. 

Lesions in the hypothalamus, in general, cause the 
opposite effects. For instance: 

1. Bilateral lesions in the lateral hypothalamus will 
decrease drinking and eating almost to zero, often 
leading to lethal starvation. These lesions cause ex¬ 
treme passivity of the animal as well, with loss of most 
of its overt drives. 

2. Bilateral lesions of the ventromedial areas of the 
hypothalamus cause effects that are mainly opposite to 
those caused by lesions of the lateral hypothalamus: 
excessive drinking and eating as well as hyperactivity 
and often continuous savagery along with frequent 
bouts of extreme rage on the slightest provocation. 

Stimulation or lesions in other regions of the limbic 
system, especially the amygdala, the septal area, and 
areas in the mesencephalon, often cause effects similar 
to those elicited from the hypothalamus. We discuss 
some of these in more detail later. 


THE REWARD AND PUNISHMENT 
FUNCTION OF THE LIMBIC SYSTEM 

From the preceding discussion, it is already clear that 
several limbic structures, including the hypothalamus, 
are particularly concerned with the affective nature of 
sensory sensations — that is, whether the sensations 
are pleasant or unpleasant. These affective qualities are 
also called reward or punishment, or satisfaction or aver¬ 
sion. Electrical stimulation of certain regions pleases or 
satisfies the animal, whereas electrical stimulation of 
other regions causes terror, pain, fear, defense, escape 
reactions, and all the other elements of punishment. 
Obviously, these two oppositely responding systems 
greatly afifect the behavior of the animal. 

Reirard Centers 

Figure 20-8 illustrates a technique that has been used 
for localizing specific reward and punishment areas of 
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Figure 20 — 8, Technique for localizing reward and punishment 
centers in the brain of a monkey. 


the brain. In this figure a lever is placed at the side of 
the cage and is arranged so that depressing the lever 
makes electrical contact with a stimulator. Electrodes 
are placed successively at different areas in the brain so 
that the animal can stimulate the area by pressing the 
lever. If stimulating the particular area gives the ani¬ 
mal a sense of reward, then it will press the lever again 
and again, sometimes as much as thousands of times 
per hour. Furthermore, when offered the choice of 
eating some delectable food as opposed to the oppor¬ 
tunity to stimulate the reward center, it often chooses 
the electrical stimulation. 

By using this procedure, the major reward centers 
have been found to be located along the course of the 
medial forebrain bundle, especially in the lateral and 
ventromedial nucleus of the hypothalamus. It is strange 
that the lateral nucleus should be included among the 
reward areas—indeed, they are one of the most potent 
of all—because even stronger stimuli in this area can 
cause rage. But this is true in many areas, with weaker 
stimuli giving a sense of reward and stronger ones a 
sense of punishment. 

Less potent reward centers, which are perhaps sec- 
ondary to the major ones in the hypothalamus, are 
found in the septum, the amygdala, certain areas of the 
thalamus and basal ganglia, and finally extending 
downward into the basal tegmentum of the mesen¬ 
cephalon. 


Punishment Centers 

The apparatus illustrated in Figure 20-8 can also be 
connected so that pressing the lever turns off, rather 
than turning on, an electrical stimulus. In this case, the 
animal will not turn the stimulus off when the elec¬ 
trode is in one of the reward areas; but when it is in 
certain other areas, it immediately learns to turn it off. 
Stimulation in these areas causes the animal to show 


all the signs of displeasure, fear, terror, and punish¬ 
ment. Furthermore, prolonged stimulation for 24 
hours or more can cause the animal to become severely 
sick and actually lead to death. 

By means of this technique, the most potent areas for 
punishment and escape tendencies have been found in 
the central gray area surrounding the aqueduct of Sylvius 
in the mesencephalon and extending upward into the 
periventricular zones of the hypothalamus and thalamus. 
Also, less potent punishment areas are found in the 
amygdala and the hippocampus. 

It is particularly interesting that stimulation in the 
punishment centers can frequently inhibit the reward 
and pleasure centers completely, illustrating that pun¬ 
ishment and fear can take precedence over pleasure 
and reward. 


Importance of Reward and Punishment 
in Behai^or 

Almost everything that we do is related in some way to 
reward and punishment. If we are doing something 
that is rewarding, we continue to do it; if it is punish¬ 
ing, we cease to do it. Therefore, the reward and pun¬ 
ishment centers undoubtedly constitute one of the 
most important of all the controllers of our bodily ac¬ 
tivities, our drives, our aversions, our motivations. 

Effect of Tranquilizers on the Reward and Pun¬ 
ishment Centers. Administration of a tranquilizer, 
such as chlorpromazine, inhibits both the reward and 
punishment centers, thereby greatly decreasing the af¬ 
fective reactivity of the animal. Therefore, it is pre¬ 
sumed that tranquilizers function in psychotic states 
by suppressing many of the important behavioral 
areas of the hypothalamus and its associated regions of 
the brain, a subject that we discuss more fully later. 


Importance of Reward and Punishment 
in Learning and Memory—Habituation 
or Reinforcement 

Animal experiments have shown that a sensory expe¬ 
rience causing neither reward nor punishment is re¬ 
membered hardly at all. Electrical recordings show 
that new and novel sensory stimuli always excite the 
cerebral cortex. But repetition of the stimulus over and 
over leads to almost complete extinction of the cortical 
response if the sensory experience does not elicit either 
a sense of reward or punishment. Thus, the animal 
becomes habituated to the sensory stimulus and there¬ 
after ignores it. 

However, if the stimulus causes either reward or 
punishment rather than indifference, the cortical re¬ 
sponse becomes progressively more and more intense 
with repeated stimulation instead of fading away, and 
the response is said to be reinforced. Thus, an animal 
builds up strong memory traces for sensations that are 
either rewarding or punishing but, on the other hand, 
develops complete habituation to indifferent sensory 
stimuli. Therefore, it is evident that the reward and 
punishment centers of the limbic system have much to 
do with selecting the information that we learn. 









































26Z VI ■ The Central \ervous System: C. Motor and Integrative ,\'europhysiolofiy 


RAGE 

An emotional pattern that involves the hypothalamus 
and many other limbic structures, and has also been 
well characterized, is the rage patter?!. This can be de¬ 
scribed as follows: 

Strong stimulation of the punishment centers of the 
brain, especially in the periventricular zone of the hypo¬ 
thalamus or in the lateral hypothalamus, causes the ani¬ 
mal to (1) develop a defensive posture, (2) extend its 
claws, (3) lift its tail, (4) hiss, (5) spit, (6) growl, and (7) 
develop piloerection, wdde-open eyes, and dilated 
pupils. Furthermore, even the slightest provocation 
causes an immediate savage attack. This is approxi¬ 
mately the behavior that one would expect from an 
animal being severely punished, and it is a pattern of 
behavior that is called rage. 

Stimulation of the more rostral areas of the punish¬ 
ment areas—in the midline preoptic areas — causes 
mainly fear and anxiety, associated with a tendency for 
the animal to run away. 

In the normal animal the rage phenomenon is held 
in check mainly by counterbalancing activity of the 
ventromedial nucleus of the hypothalamus. In addi¬ 
tion, the hippocampus, the amygdala, and the anterior 
portions of the limbic cortex, especially the limbic cor¬ 
tex of the anterior cingulate gvnrus and the subcallosal 
gyrus, help suppress the rage phenomenon. Con¬ 
versely, if these portions of the limbic system are dam¬ 
aged or destroyed, the animal (also the human being) 
becomes far more susceptible to bouts of rage. 

Placidity and Tameness. Exactly the opposite emo¬ 
tional behavior patterns occur when the reward 
centers are stimulated: placidity and tameness. 


■ SPECIFIC FC\CTIO\S OF OTHER 
PARTS OF THE LIMRIC SVSTE.M 

FV\CTiO\S OF THE A^tYGDALA 

The amygdala is a complex of nuclei located immediately 
beneath the cortex of the medial anterior pole of each tem¬ 
poral lobe. It has abundant bidirectional connections vvith 
the hypothalamus. 

In lower animals, the amygdala is concerned to a great 
extent with association of olfactory stimuli with stimuli from 
other parts of the brain. Indeed, it is pointed out in Chapter 
15 that one of the major divisions of the olfactory tract leads 
directly to a portion of the amygdala called the corticomedial 
nuclei that lies immediately beneath the cortex in the pyri¬ 
form area of the temporal lobe. However, in the human 
being, another portion of the amygdala, the basolateral nu¬ 
clei, has become much more highly developed than this ol¬ 
factory portion and plays exceedingly important roles in 
many behavioral activities not generally associated with ol¬ 
factory stimuli. 

The amygdala receives neuronal signals from all portions 
of the limbic cortex as well as from the neocortex of the 
temporal, parietal, and occipital lobes, especially from the 
auditory and visual association areas. Because of these multi¬ 
ple connections, the amygdala has been called the "win¬ 
dow" through which the limbic system sees the place of the 


person in the world. In turn, the amygdala transmits signals 
(1) back into these same cortical areas, (2) into the hippo¬ 
campus, (3) into the septum, (4) into the thalamus, and (5) 
especially into the hypothalamus. 

Effects of Stimulating the Amygdala. In general, stimu¬ 
lation in the amygdala can cause almost all the same effects 
as those elicited by stimulation of the hypothalamus, plus 
still other effects. The effects that are mediated through the 
hypothalamus include (1) increases or decreases in arterial 
pressure, (2) increases or decreases in heart rate, (3) increases 
or decreases in gastrointestinal motility and secretion, (4) 
defecation and micturition, (5) pupillary dilatation or, rarely, 
constriction, (6) piloerection, (7) secretion of the various an¬ 
terior pituitary hormones, especially the gonadotropins and 
adrenocorticotropic hormone. 

Aside from these effects mediated through the hypothala¬ 
mus, amygdala stimulation can also cause different types 
of involuntary movement. These include (1) tonic move¬ 
ments, such as raising the head or bending the body, (2) 
circling movements, (3) occasionally clonic, rhythmic move¬ 
ments, and (4) different types of movements associated with 
olfaction and eating, such as licking, chewing, and sw^al- 
lowing. 

In addition, stimulation of certain amygdaloid nuclei can, 
rarely, cause a pattern of rage, escape, punishment, and fear 
similar to the rage pattern elicited from the hypothalamus as 
described earlier. And stimulation of other nuclei can give 
reactions of reward and pleasure. 

Finally, excitation of still other portions of the amygdala 
can cause sexual activities that include erection, copulatory 
movements, ejaculation, ovulation, uterine activity, and pre¬ 
mature labor. 

Effects of Bilateral Ablation of the Amygdala — The 
Kliiver-Bucy Syndrome. When the anterior portions of 
both temporal lobes in a monkey are destroyed, this removes 
not only the temporal cortex but also the amygdalas that lie 
deep in these parts of the temporal lobes. This causes a com¬ 
bination of changes in behavior called the Kluver-Bucy syn¬ 
drome, which includes (1) excessive tendency to examine 
objects orally, (2) loss of fear, (3) decreased aggressiveness, 
(4) tameness, (5) changes in dietary habits, even to the extent 
that a herbivorous animal frequently becomes carnivorous, 
(6) sometimes psychic blindness, and (7) often excessive sex 
drive. The characteristic picture is of an animal that is not 
afraid of anything, has extreme curiosity about everything, 
forgets very rapidly, has a tendency to place everything in its 
mouth and sometimes even tries to eat solid objects, and, 
finally, often has a sex drive so strong that it attempts to 
copulate with immature animals, animals of the wrong sex, 
or animals of a different species. 

Though similar lesions in human beings are rare, afflicted 
persons respond in a manner not too di&erent from that of 
the monkey. 

Overall Function of the Amygdala. The amygdala seems 
to be a behavioral awareness area that operates at a semicon¬ 
scious level. It also seems to project into the limbic system 
one's present status in relation both to surroundings and 
thoughts. On the basis of this information, the amygdala is 
believed to help pattern the person's behavioral response so 
that it is appropriate for each occasion. 


FV^XCTIOXS OF THE HiPPOCAHPVS 

The hippocampus is the elongated, medial portion of the 
temporal cortex that folds upward and inward to form the 
ventral surface of the inferior horn of the lateral ventricle. 
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One end of the hippocampus abuts the amygdaloid nuclei, 
and it also fuses along one of its borders with the parahippo¬ 
campal gyrus, which is the cortex of the ventromedial sur¬ 
face of the temporal lobe. 

The hippocampus has numerous but mainly indirect con¬ 
nections with many portions of the cerebral cortex as well as 
with the basic structures of the limbic system—the amyg¬ 
dala, the hypothalamus, the septum, and the mamillary 
bodies. Almost any type of sensory experience causes activa¬ 
tion of at least some part of the hippocampus, and the hippo¬ 
campus in turn distributes many outgoing signals to the an¬ 
terior thalamus, the hypothalamus, and other parts of the 
limbic system, especially through the fomix, its major output 
pathway. Thus, the hippocampus, like the amygdala, is an 
additional channel through which incoming sensory signals 
can lead to appropriate behavioral reactions, but perhaps for 
different purposes, as can be seen later. 

As in other limbic structures, stimulation of different areas 
in the hippocampus can cause almost any one of different 
behavioral patterns, such as rage, passivity, excess sex drive, 
and so forth. 

Another feature of the hippocampus is that very weak 
electrical stimuli can cause local epileptic seizures that persist 
for many seconds after the stimulation is over, suggesting 
that the hippocampus can perhaps give off prolonged output 
signals even under normal functioning conditions. During 
hippocampal seizures, the person experiences various psy¬ 
chomotor effects, including olfactory, visual, auditory, tac¬ 
tile, and other types of hallucinations that cannot be sup¬ 
pressed even though the person has not lost consciousness 
and knows these hallucinations to be unreal. Probably one of 
the reasons for this hyperexcitability of the hippocampus is 
that it is composed of a different type of cortex from that 
elsewhere in the cerebrum, having only three nerve cell 
layers instead of the six layers found elsewhere. 

Rote of the Hippocampus in Learning 

Effect of Bilateral Removal of the Hippocampi — 
Inability to Learn. The hippocampi have been surgically 
removed bilaterally in a few human beings for the treatment 
of epilepsy. These persons can recall most previously learned 
memories satisfactorily. However, they can learn essentially 
no new information that is based on verbal symbolism. In 
fact, they cannot even learn the names of persons with 
whom they come in contact every day. Yet they can re¬ 
member for a moment or so what transpires during the 
course of their activities. Thus, they are capable of the type of 
very short-term memory called "immediate memory" even 
though their ability to establish secondary memories lasting 
longer than a few minutes is either completely or almost 
completely abolished, which is the phenomenon called an¬ 
terograde amnesia discussed in the previous chapter. 

Destruction of the hippocampi also causes some deficit in 
previously learned memories (retrograde amnesia), a little 
more so for memories up to the past year or so than for 
memories of the distant past. 

Theoretical Function of the Hippocampus in Learning. 
The hippocampus originated as part of the olfactory cortex. 
In the very lowest animals it plays essential roles in deter¬ 
mining whether the animal will eat a particular food, 
whether the smell of a particular object suggests danger, and 
whether the odor is sexually inviting and in making other 
decisions that are of life-or-death importance. Thus, very 
early in the development of the brain, the hippocampus pre¬ 
sumably became a critical decision-making neuronal mecha¬ 
nism, determining the importance and type of the incoming 


sensory signals. Once this critical decision-making capability 
had been established, presumably the remainder of the brain 
began to call on it for the same decision-making. If the hip¬ 
pocampus says that a neuronal signal is important, it is likely 
to be committed to memory. 

Earlier in this chapter (and also in the previous chapter), it 
was pointed out that reward and punishment play a major 
role in determining the importance of information and espe¬ 
cially whether or not the information will be stored in mem¬ 
ory. A person rapidly becomes habituated to indifferent 
stimuli but learns assiduously any sensory experience that 
causes either pleasure or punishment. Yet, what is the mech¬ 
anism by which this occurs? It has been suggested that the 
hippocampus provides the drive that causes translation of 
immediate memory into secondary memory—that is, it 
transmits some type of signal or signals that seem to make 
the mind rehearse over and over the new information until 
permanent storage takes place. 

Whatever the mechanism, without the hippocampi consol¬ 
idation of long-term memories of verbal or symbolic type 
does not take place. 


FUXCTIOX OF THE LiMiBiC CORTFIX 

Probably the most poorly understood portion of the entire 
limbic system is the ring of cerebral cortex called the limbic 
cortex that surrounds the subcortical limbic structures. This 
cortex functions as a transitional zone through which signals 
are transmitted from the remainder of the cortex into the 
limbic system. Therefore, it is presumed that the limbic cor¬ 
tex functions as a cerebral association area for control of be¬ 
havior. 

Stimulation of the different regions of the limbic cortex 
has failed to give any real idea of their functions. However, 
as is true of so many other portions of the limbic system, 
essentially all the behavioral patterns that have already been 
described can also be elicited by stimulation in different por¬ 
tions of the limbic cortex. Likewise, ablation of a few limbic 
cortical areas can cause persistent changes in an animal's 
behavior, as follows: 

Ablation of the Temporal Cortex. When the anterior 
temporal cortex is ablated bilaterally, the amygdala is almost 
invariably damaged as well. This was discussed earlier, and 
it was pointed out that the Kliiver-Bucy syndrome occurs. 
The animal especially develops consummatory behavior, in¬ 
vestigates any and all objects, has intense sex drives toward 
inappropriate animals or even inanimate objects, and loses 
all fear—thus develops tameness as well. 

Ablation of the Posterior Orbital Frontal Cortex. Bilat¬ 
eral removal of the posterior portion of the orbital frontal 
cortex often causes an animal to develop insomnia and an 
intense degree of motor restlessness, becoming unable to sit 
still but moving about continually. 

Ablation of the Anterior Cingulate Gyri and Subcallo¬ 
sal Gyri. The anterior cingulate gyri and the subcallosal gyri 
are the portions of the limbic cortex that communicate be¬ 
tween the prefrontal cerebral cortex and the subcortical lim¬ 
bic structures. Destruction of these gyri bilaterally releases 
the rage centers of the septum and hypothalamus from any 
prefrontal inhibitory influence. Therefore, the animal can 
become vicious and much more subject to fits of rage than 
normally. 

Summary. Until further information is available, it is per¬ 
haps best to state that the cortical regions of the limbic sys¬ 
tem occupy intermediate associative positions between the 
functions of the remainder of the cerebral cortex and the 
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functions of the subcortical limbic structures for control of 
behavioral patterns. Thus, in the anterior temporal cortex 
one especially finds gustatory and olfactory associations. In 
the parahippocampal gyri there is a tendency for complex 
auditory associations and also complex thought associations 
derived from Wernicke's area of the posterior temporal lobe. 
In the middle and posterior cingulate cortex, there is reason 
to believe that sensorimotor associations occur. 
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States of Brain Activity — 
Sleep; Brain Waves; Epilepsy; 
Psychoses 


All of us are aware of the many different states of brain 
activity, including sleep, wakefulness, extreme excite¬ 
ment, and even different levels of mood such as exhila¬ 
ration, depression, and fear. All these states result from 
different activating or inhibiting forces generated usu¬ 
ally within the brain itself. In the last chapter, we 
began a partial discussion of this subject when we 
described different systems that are capable of activat¬ 
ing either large or isolated portions of the brain. In this 
chapter, we present brief surveys of what is known 
about other states of brain activity, beginning with 
sleep. 


■ SLEEP 

Sleep is defined as unconsciousness from which the 
person can be aroused by sensory or other stimuli. It is 
to be distinguished from coma, which is unconscious¬ 
ness from which the person cannot be aroused. How¬ 
ever, there are multiple stages of sleep, from very light 
sleep to very deep sleep, and most sleep researchers 
even divide sleep into two different types of sleep that 
have different qualities, as follows: 

Two Different Types of Sleep — (1) Slow Wave 
Sleep and (2) REM Sleep. During each night a person 
goes through stages of two different types of sleep that 
alternate with each other. These are called (1) slow 
wave sleep, because in this type of sleep the brain 
waves are very slow, as we discuss later; and (2) REM 
sleep, which stands for rapid eye movement sleep, be¬ 
cause in this type of sleep the eyes undergo rapid 
movements despite the fact that the person is still 
asleep. 

Most sleep during each night is of the slow wave 
variety; this is the deep, restful type of sleep that the 
person experiences during the first hour of sleep after 
having been kept awake for many hours. Episodes of 


REM sleep occur periodically during sleep and occupy 
about 25 per cent of the sleep time of the young adult; 
they normally recur about every 90 min. This type of 
sleep is not so restful, and it is usually associated with 
dreaming, as we discuss later. 


SLOW WAVE SLEEP 

Most of us can understand the characteristics of deep 
slow wave sleep by remembering the last time that we 
were kept awake for more than 24 hours and then 
remembering the deep sleep that occurred during the 
first hour after going to sleep. This sleep is exceedingly 
restful and is associated with a decrease in both pe¬ 
ripheral vascular tone and many other vegetative 
functions of the body as well. In addition, there is a 10 
to 30 per cent decrease in blood pressure, respiratory 
rate, and basal metabolic rate. 

Though slow wave sleep is frequently called 
''dreamless sleep," dreams do occur often during slow 
wave sleep, and nightmares even occur during this 
type of sleep. However, the difference between the 
dreams occurring in slow wave sleep and those in REM 
sleep is that those of REM sleep are remembered, 
whereas those of slow wave sleep usually are not. That 
is, during slow wave sleep the process of consolidation 
of the dreams in memory does not occur. 


REB SLEEP (PARADOXMCAL SLEEP, 
DESWCHROMZED SLEEP) 

In a normal night of sleep, bouts of REM sleep lasting 5 
to 30 min usually appear on the average every 90 min, 
the first such period occurring 80 to 100 min after the 
person falls asleep. When the person is extremely 
sleepy, the duration of each bout of REM sleep is ver)' 
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short and it may even be absent. On the other hand, as 
the person becomes more rested through the night, the 
duration of the REM bouts greatly increases. 

There are several very important characteristics of 
REM sleep; 

1. It is usually associated with active dreaming. 

2. The person is even more difficult to arouse by 
sensor}^ stimuli than during deep slow wave sleep, and 
yet persons usually awaken in the morning during an 
episode of REM sleep, not from slow wave sleep. 

3. The muscle tone throughout the body is exceed¬ 
ingly depressed, indicating strong inhibition of the spi¬ 
nal projections from the excitator\^ areas of the brain 
stem. 

4. The heart rate and respiration usually become 
irregular, which is characteristic of the dream state. 

5. Despite the extreme inhibition of the peripheral 
muscles, a few irregular muscle movements occur. 
These include, in particular, rapid movements of the 
eyes; this is the origin of the acronym REM, for “rapid 
eye movements.“ 

6. The brain is highly active in REM sleep, and the 
overall brain metabolism may be increased as much as 
20 per cent. Also, the electroencephalogram shows a 
pattern of brain waves similar to those that occur dur¬ 
ing wakefulness. Therefore, this type of sleep is also 
frequently called paradoxical sleep because it is a para¬ 
dox that a person can still be asleep despite marked 
activity in the brain. 

In summary, REM sleep is a type of sleep in which 
the brain is quite active. However, the brain activity is 
not channeled in the proper direction for persons to be 
fully aware of their surroundings and therefore to be 
awake. 

BASIC THEORIES OF SLEEP 

The Active Theory of Sleep. An earlier theory of 
sleep was that the excitatorv^ areas of the upper brain 
stem, which was called the reticular activating system, 
and other parts of the brain simply fatigued over the 
period of a waking day and therefore became inactive 
as a result. This was called the passive theory of sleep. 
However, an important experiment changed this view 
to the current belief that sleep is probably caused by an 
active inhibitory process. This was the experiment in 
which it was discovered that transecting the brain stem 
in the midpontile region leads to a brain that never 
goes to sleep. In other words, there seems to be some 
center or centers located below the midpontile level of 
the brain stem that actively cause sleep by inhibiting 
other parts of the brain. This is called the active theory 
of sleep. 

Xeuronal Centers^ \eurohumoral 
SubstanceSf and Mechanisms That Can 
Cause Sleep—A Possible Specijic Role 
for Serotonin 

Stimulation of several specific areas of the brain can 
produce sleep with characteristics ver\^ near those of 
natural sleep. Sonie of these are the following: 


1. The most conspicuous stimulation area for caus¬ 
ing almost natural sleep is the raphe nuclei in the lower 
half of the pons and in the medulla. These are a thin 
sheet of nuclei located in the midline. Nerve fibers 
from these nuclei spread widely in the reticular forma¬ 
tion and also upward into the thalamus, neocortex, 
hypothalamus, and most areas of the limbic system. In 
addition, they extend downward into the spinal cord, 
terminating in the posterior horns where they can in¬ 
hibit incoming pain signals, as was discussed in Chap¬ 
ter 10. It is also known that many of the endings of 
fibers from these raphe neurons secrete serotonin. Also, 
when a drug that blocks the formation of serotonin is 
administered to an animal, the animal often cannot 
sleep for the next several days. Therefore, it is assumed 
that serotonin is the major transmitter substance asso¬ 
ciated with production of sleep. 

2. Stimulation of some areas in the nucleus of the 
tractus solitarius, which is the sensory region of the 
medulla and pons for the visceral sensory signals en¬ 
tering the brain via the vagus and glossopharvmgeal 
nerves, will also promote sleep. However, this will not 
occur if the raphe nuclei have been destroyed. There¬ 
fore, these regions probably act by exciting the raphe 
nuclei and the serotonin system. 

3. Stimulation of several regions in the diencepha¬ 
lon can also help promote sleep, including (a) the ros¬ 
tral part of the hypothalamus, mainly in the supra- 
chiasmal area, and (b) an occasional area in the ditfuse 
nuclei of the thalamus. 

Effect of Lesions in the Sleep-Promoting Centers. 
Discrete lesions in the raphe nuclei lead to a high state 
of wakefulness. This is also true of bilateral lesions in 
the mediorostral suprachiasmal portion of the anterior 
hypothalamus. In both instances, the excitatory reticu¬ 
lar nuclei of the mesencephalon and upper pons seem 
to become released from inhibition. Indeed, the lesions 
of the anterior hypothalamus can sometimes cause 
such intense wakefulness that the animal actually dies 
of exhaustion. 

Other Possible Transmitter Substances Related to 
Sleep. Experiments have shown that the cerebrospinal 
fluid and also the blood and urine of animals that have 
been kept awake for several days contain a substance 
or substances that wdll cause sleep when injected into 
the v^entricular system of an animal. One of these sub¬ 
stances has been identified as muramyl peptide, a low 
molecular weight substance that accumulates in the 
cerebrospinal fluid and in the urine in animals kept 
awake for several days. When only micrograms of this 
sleep-producing substance are injected into the third 
ventricle, almost natural sleep occurs within a few 
minutes, and the animal may then stay asleep for sev¬ 
eral hours. Another substance that has similar effects 
in causing sleep is a nonapeptide isolated from the 
blood of sleeping animals. And still a third and differ¬ 
ent sleep factor has been isolated from the neuronal 
tissues of the brain stem of animals kept awake for 
days. Therefore, it is possible that prolonged wakeful¬ 
ness causes progressive accumulation of a sleep factor 
in the brain stem or in the cerebrospinal fluid that leads 
to sleep. 
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Possible Causes of REiW Sleep 

Why slow wave sleep is broken periodically by REM 
sleep is not understood. However, a lesion in the locus 
ceruleiis on each side of the brain stem can reduce REM 
sleep, and if the lesion includes other contiguous areas 
of the brain stem, REM sleep can be prevented alto¬ 
gether. Therefore, it has been postulated that when 
stimulated, the norepinephrine-secreting nerve fibers 
that originate in the locus ceruleus can activate many 
portions of the brain. This theoretically causes the ex¬ 
cess activity that occurs in certain regions of the brain 
in REM sleep, but the signals are not channeled appro¬ 
priately in the brain to cause normal conscious aware¬ 
ness that is characteristic of wakefulness. 


The Cycle Between Sleep and 
Wakefulness 

The preceding discussions have merely identified neu¬ 
ronal areas, transmitters, and mechanisms that are re¬ 
lated to sleep. However, they have not explained the 
cyclic, reciprocal operation of the sleep-wakefulness 
cycle. There is, as yet, no explanation. Therefore, we 
can let our imaginations run wild and suggest the fol¬ 
lowing possible mechanism for causing the rhythmic- 
ity of the sleep-wakefulness cycle: 

When the sleep centers are not activated, the release 
from inhibition of the mesencephalic and upper pon¬ 
tile reticular nuclei allows this region to become spon¬ 
taneously active. This in turn excites both the cerebral 
cortex and the peripheral nervous system, both of 
which then send numerous positive feedback signals 
back to the same reticular nuclei to activate them still 
further. Thus, once wakefulness begins, it has a natu¬ 
ral tendency to sustain itself because of all this positive 
feedback activity. 

However, after the brain remains activated for many 
hours, even the neurons within the activating system 
presumably will become fatigued to some extent, and 
other factors presumably activate the sleep centers. 
Consequently, the positive feedback cycle between the 
mesencephalic reticular nuclei and the cortex, and also 
that between these and the periphery, will fade, and 
the inhibitory effects of the sleep centers (as well as 
inhibition by possible sleep-producing chemical trans¬ 
mitter substances) will take over, leading to rapid tran¬ 
sition from the wakefulness state to the sleep state. 

Then, one could postulate that during sleep the ex¬ 
citatory neurons of the reticular activating system 
gradually become more and more excitable because of 
the prolonged rest, while the inhibitory neurons of the 
sleep centers become less excitable because of their 
overactivity, thus leading to a new cycle of wakeful¬ 
ness. 

This theory can explain the rapid transitions from 
sleep to wakefulness and from wakefulness to sleep. It 
can also explain arousal, the insomnia that occurs 
when a person's mind becomes preoccupied with a 
thought, the wakefulness that is produced by bodily 
activity, and many other conditions that affect the per¬ 
son's state of sleep or wakefulness. 


PHYSIOLOGICAL EFFECTS OF SLEEP 

Sleep causes two major types of physiological effects: 
first, effects on the nervous system itself, and second, 
effects on other structures of the body. The first of 
these seems to be by far the more important, for any 
person who has a transected spinal cord in the neck 
shows no harmful effects in the body beneath the level 
of transection that can be attributed to a sleep and 
wakefulness cycle; that is, lack of this sleep-wakeful¬ 
ness cycle in the nervous system at any point below the 
brain causes neither harm to the bodily organs nor 
even any deranged function. On the other hand, lack 
of sleep certainly does affect the functions of the cen¬ 
tral nervous system. 

Prolonged wakefulness is often associated with pro¬ 
gressive malfunction of the mind and sometimes even 
causes abnormal behavioral activities of the nervous 
system. We are all familiar with the increased slug¬ 
gishness of thought that occurs toward the end of a 
prolonged wakeful period, but in addition, a person 
can become irritable or even psychotic following 
forced wakefulness for prolonged periods of time. 
Therefore, we can assume that sleep in some way not 
currently understood restores both normal levels of 
activity and normal "balance" among the different 
parts of the central nervous system. This might be lik¬ 
ened to the "rezeroing" of electronic analog computers 
after prolonged use, for all computers of this type grad¬ 
ually lose their "baseline" of operation; it is reasonable 
to assume that the same effect occurs in the central 
nervous system, because overuse of some brain areas 
during wakefulness could easily throw these out of 
balance with the remainder of the nervous system. 
Therefore, in the absence of any definitely demon¬ 
strated functional value of sleep, we might postulate 
that the principal value of sleep is to restore the natural 
balance among the neuronal centers. 

Even though, as we pointed out earlier, wakefulness 
and sleep have not been shown to be harmful to the 
somatic functions of the body, the cycle of enhanced 
and depressed nervous excitability that follows the 
cycle of wakefulness and sleep does have moderate 
physiological effects on the peripheral body. For in¬ 
stance, there is enhanced sympathetic activity during 
wakefulness and also enhanced numbers of impulses 
to the skeletal musculature to increase muscle tone. 
Conversely, during sleep, sympathetic activity de¬ 
creases while parasympathetic activity increases. 
Therefore, arterial blood pressure falls, pulse rate de¬ 
creases, skin vessels dilate, activity of the gastrointesti¬ 
nal tract sometimes increases, muscles fall into a 
mainly relaxed state, and the overall basal metabolic 
rate of the body falls by 10 to 30 per cent. 


■ BKAli\ n AV E8 

Electrical recordings from the surface of the brain or from the 
outer surface of the head demonstrate continuous electrical 
activity in the brain. Both the intensity and patterns of this 
electrical activity are determined to a great extent by the 
overall level of excitation of the brain resulting from sleep. 
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wakefulness, and brain diseases such as epilepsy and even 
some psychoses. The undulations in the recorded electrical 
potentials, shown in Figure 21 -1, are called brain waves, and 
the entire record is called an electroencephalogram (EEG). 

The intensities of the brain waves on the surface of the 
scalp range from 0 to 200 fiV, and their frequencies range 
from once every few seconds to 50 or more per second. The 
character of the waves is highly dependent on the degree of 
activity of the cerebral cortex, and the waves change mark¬ 
edly between the states of wakefulness and sleep and coma. 

Much of the time, the brain waves are irregular, and no 
general pattern can be discerned in the EEG. However, at 
other times, distinct patterns do appear. Some of these are 
characteristic of specific abnormalities of the brain, such as 
epilepsy, which is discussed later. Others occur even in nor¬ 
mal persons and can be classified as alpha, beta, theta, and 
delta waves, which are all illustrated in Figure 21-1. 

Alpha waves are rhythmic waves occurring at a frequency 
of between 8 and 13/sec and are found in the EEGs of almost 
all normal adult persons when they are awake in a quiet, 
resting state of cerebration. These waves occur most in¬ 
tensely in the occipital region but can also be recorded from 
the parietal and frontal regions of the scalp. Their voltage 
usually is about 50 pV. During deep sleep the alpha waves 
disappear entirely; and when the awake person's attention is 
directed to some specific type of mental activity, the alpha 
waves are replaced by asynchronous, higher-frequency but 
lower-voltage beta waves. Figure 21-2 illustrates the effect 
on the alpha waves of simply opening the eyes in bright light 
and then closing the eyes again. Note that the visual sensa¬ 
tions cause immediate cessation of the alpha waves and that 
these are replaced by low-voltage, asynchronous beta 
waves. 

Beta waves occur at frequencies of more than 14 cycles/sec 
and as high as 25 and rarely 50 cycles/sec. These are most 
frequently recorded from the parietal and frontal regions of 
the scalp during activation of the central nervous system or 
during tension. 

Theta waves have frequencies of between 4 and 7 cycles/ 
sec. These occur mainly in the parietal and temporal regions 
in children, but they also occur during emotional stress in 
some adults, particularly during disappointment and frus¬ 
tration. Theta waves also occur in many brain disorders. 

Delta waves include all the waves of the EEG below 3.5 
cycles/sec and sometimes as low as 1 cycle every 2 to 3 sec. 
These occur in very deep sleep, in infancy, and in serious 
organic brain disease. They also occur in the cortex of ani- 
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Figure 21 — 1. Different types of normal electroencephalo- 
graphic wa\ es. 


Eyes open Eyes closed 

Figure 21-2. Replacement of the alpha rhythm by an 
asynchronous discharge on opening the eyes. 


mals that have had subcortical transections separating the 
cerebral cortex from the thalamus. Therefore, delta waves 
can occur strictly in the cortex independent of activities in 
lower regions of the brain. 


ORMGIX MX THE BRAMX OF THE 
BRAMX WAVES 

The discharge of a single neuron or single nerve fiber in the 
brain can never be recorded from the surface of the head. 
Instead, many thousands or even millions of neurons or 
fibers must fire synchronously; only then will the potentials 
from the individual neurons or fibers summate enough to be 
recorded all the way through the skull. Thus, the intensity of 
the brain waves from the scalp is determined mainly by the 
number of neurons and fibers that fire in synchrony with 
each other, not by the total level of electrical activity in the 
brain, for even very strong nonsynchronous nerve signals will 
actually nullify each other and cause only weak waves. This 
was illustrated in Figure 21-2, which showed, when the 
eyes were closed, synchronous discharge of many neurons in 
the cerebral cortex at a frequency of about 12/sec, which 
produced the alpha waves. Then, when the eyes were 
opened, the activity of the brain increased greatly, but the 
synchronization of the signals decreased to so little that the 
brain waves decreased to weak waves of generally higher 
but irregular frequency, called beta waves. 

The brain wave electrical potentials are generated mainly 
from cortical layers I and II, especially from the large matt of 
dendrites that extend into these surface areas from neuronal 
cells located deeper in the cortex. The potentials generated in 
the tissue fluids surrounding these dendrites can be either 
positive or negative, for the following reasons: When the 
neuronal cell bodies in the deeper layers discharge, negative 
charges leak out of the cell bodies and cause negativity in the 
deeper cortical fluids; at the same time this loss of negative 
charges leaves the interior of the neuronal cell membranes 
positive. This positivity is conducted electrotonically upward 
through the dendrites to the surface layers of the brain and 
then transmitted by a capacitative effect across the dendrite 
membranes to the fluids surrounding these dendrites. There¬ 
fore, stimulation of neurons deep in the cerebral cortex usu¬ 
ally causes initial positivity on the surface of the brain. On 
the other hand, other cortical synapses lie not on the deep 
cell bodies but instead on the surface dendrites themselves, 
especially in cortical layers II and III. When these synapses 
are excited, local depolarization occurs in the dendrites 
themselves, allowing negative charges to leak outward; then 
the electrical waves recorded from the surface of the scalp 
are negative. This difference between positivity and negativ¬ 
ity is important because it sometimes allows one to distin¬ 
guish the depth in the cortex of the neuronal discharges that 
produce specific types of waves. 

Origin of Alpha Waves. Alpha waves will not occur in the 
cortex without connections with the thalamus. Also, stimu¬ 
lation in the nonspecific thalamic nuclei often sets up waves 
in the generalized thalamocortical system at a frequency of 
between 8 and 13/sec, the natural frequency of the alpha 
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Fi^re 21—3. Effect of varying degrees of cere¬ 
bral activity on the basic rhythm of the electroen¬ 
cephalogram (EEG). (From Gibbs and Gibbs: Atlas 
of Electroencephalography, 2nd. Ed. V'ol. I. Read¬ 
ing, Mass., Addison-U'esley, 1974. Reprinted by 
permission.) 

waves. Therefore, it is likely that the alpha waves result from 
spontaneous activity in the nonspecific thalamocortical sys¬ 
tem, which causes both the periodicity of the alpha waves 
and the synchronous activation of literally millions of corti¬ 
cal neurons during each wave. 

Origin of Delta Waves. Transection of the fiber tracts 
from the thalamus to the cortex, which blocks the thalamic 
activation of the cortex and eliminates the alpha waves, nev¬ 
ertheless causes delta waves in the cortex. This indicates that 
some synchronizing mechanism can occur in the cortical 
neurons themselves—entirely independently of lower 
structures in the brain — to cause the delta waves. 

Delta waves also occur in very deep "slow wave" sleep; 
and this suggests that the cortex then might be released from 
the activating influences of the lower centers. 


EFFECT OF VARUXG DEGREES OF 
CEREBRAL ACTiVlTY 0\ THE BASiC 
FREQUEACY OF THE 
ELECTROEXCEPHALOGRAAI 


Sleep Psychomotor Infants Relaxation Attention Grand mal 
Slow component Deteriorated epileptics Fright Fast component of petit mai 
of petit mal Confusion 

Light ether 

^ Tsecon^^^^ 

siderably lower than the voltage in deep stage 4 slow wave 
sleep, and the waves are themselves irregular high-fre¬ 
quency beta waves, which is normally suggestive of excess 
but desynchronized nervous activity as found in the awake 
state. Therefore, REM sleep is frequently called desynchron¬ 
ized sleep because there is a lack of synchrony in the firing of 
the neurons despite very significant brain activity. 


■ EPILEPSV 

Epilepsy is characterized by uncontrolled excessive activity 
of either a part or all of the central nervous system. A person 
who is predisposed to epilepsy has attacks when the basal 
level of excitability of the nervous system (or of the part that 
is susceptible to the epileptic state) rises above a certain criti¬ 
cal threshold. But as long as the degree of excitability is held 
below this threshold, no attack occurs. 

Basically, epilepsy can be classified into three major types: 
grand mal epilepsy, petit mal epilepsy, and focal epilepsy. 


Stupor 

surgical anesthesia 


There is a general relationship between the degree of cere¬ 
bral activity and the average frequency of the electroenceph- 
alographic rhythm, the average frequency increasing pro¬ 
gressively with higher degrees of activity. This is illustrated 
in Figure 21-3, which shows the existence of delta waves in 
stupor, surgical anesthesia, and sleep; theta waves in psy¬ 
chomotor states and in infants; alpha waves during relaxed 
states; and beta waves during periods of intense mental ac¬ 
tivity. However, during periods of mental activity the waves 
usually become asynchronous rather than synchronous, so that 
the voltage falls considerably, despite increased cortical activity, 
as illustrated in Figure 21-2. 


GRAAD .HAL EPILEPSY 

Grand mal epilepsy is characterized by extreme neuronal 
discharges in all areas of the brain—in the cortex, in the 
deeper parts of the cerebrum, and even in the brain stem and 
thalamus. Also, discharges into the spinal cord cause gener¬ 
alized tonic convulsions of the entire body, followed toward 
the end of the attack by alternating tonic and then spasmotic 
muscular contractions called tonic-clonic convulsions. Often 
the person bites or "sw^allows" the tongue and usually has 
difficulty in breathing, sometimes to the extent of develop- 


ELECTROEACEPHALOGRAPHIC CHAA'GES 
L\ THE DIFFEREAT STAGES OF 
WAKEFULAESS AAD SLEEP 

Figure 21-4 illustrates the electroencephalogram from a 
typical person in different stages of wakefulness and sleep. 
Alert wakefulness is characterized by high-frequency beta 
waves, whereas quiet wakefulness is usually associated with 
alpha waves, as illustrated by the first two electroencephalo¬ 
grams of the figure. 

Slow wave sleep is generally divided into four stages. In 
the first stage, a stage of very light sleep, the voltage of the 
electroencephalographic waves becomes very low; but this is 
broken by "sleep spindles," that is, short spindle-shaped 
bursts of alpha waves that occur periodically. In stages 2, 3, 
and 4 of slow wave sleep the frequency of the electroence¬ 
phalogram becomes progressively slower until it reaches a 
frequency of only 2 to 3 waves/sec; these are typical delta 
waves. 

Finally, the bottom record in Figure 21-4 illustrates the 
electroencephalogram during REM sleep. It is often difficult 
to tell a difference between this brain wave pattern and that 
of an alert awake person. The voltage of these waves is con- 


Alert wakefulness (beta waves) 


Quiet wakefulness (alpha waves) 



Stage 1 (low voltage and spindles) 


-50^V 

Stages 2 and 3 (theta waves) 



Stage 4 slow wave sleep (delta waves) 
REM sleep (beta waves) 


Fij^ure 21—4. Progressive change in the characteristics of the 
brain \va\ es during different stages of wakefulness and sleep. 
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ing cyanosis. Also, signals to the viscera frequently cause 
involutar)^ urination and defecation. 

The grand mal seizure lasts from a few seconds to as long 
as 3 to 4 min and is characterized by postseizure depression 
of the entire ner\'ous system; the person remains in stupor 
for one to many minutes after the attack is over and then 
often remains severely fatigued or even asleep for many 
hours thereafter. 

The top recording of Figure 21-5 illustrates a t\q?ical elec¬ 
troencephalogram from almost any region of the cortex dur¬ 
ing the tonic phase of a grand mal attack. This illustrates that 
high-voltage, synchronous discharges occur over the entire 
cortex. Furthermore, the same type of discharge occurs on 
both sides of the brain at the same time, illustrating that the 
abnormal neuronal circuitry responsible for the attack 
strongly involves the basal regions of the brain that drive the 
cortex. 

In experimental animals or even in human beings, grand 
mal attacks can be initiated by administering neuronal stim¬ 
ulants, such as the drug Metrazol, or they can be caused by 
insulin hypoglycemia or by the passage of alternating elec¬ 
trical current directly through the brain. Electrical recordings 
from the thalamus and also from the reticular formation of 
the brain stem during the grand mal attack show t>q)ical 
high-voltage activity in both of these areas similar to that 
recorded from the cerebral cortex. 

Presumably, therefore, a grand mal attack is caused by 
abnormal activation in the lower portions of the brain acti¬ 
vating system itself. 

What Initiates a Grand Mal Attack? Most persons who 
hav'e grand mal attacks have a hereditary predisposition to 
epilepsy, a predisposition that occurs in about 1 of every 50 
to 100 people. In such persons, some of the factors that can 
increase the excitability of the abnormal “epileptogenic" cir- 
cuitr}' enough to precipitate attacks are (1) strong emotional 
stimuli, (2) alkalosis caused by overbreathing, (3) drugs, (4) 
fever, and (5) loud noises or flashing lights. Also, even in 
persons not genetically predisposed, traumatic lesions in al¬ 
most any part of the brain can cause excess excitability of 
local brain areas, as we discuss shortly; and these, too, can 
transmit signals into the basal activating systems of the brain 
to elicit grand mal seizures. 

What Stops the Grand Mal Attack? The cause of the 
extreme neuronal overactivity during a grand mal attack is 
presumed to be massive activation of many reverberating 
pathways throughout the brain. Presumably, also, the major 
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Petit mal 
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Figure 21-5. Electroencephcilograms in different types of epi¬ 
lepsy. 


factor, or at least one of the major factors, that stops the 
attack after a few minutes is the phenomenon of neuronal 
fatigue. However, a second factor is probably active inhibition 
by inhibitory neurons that have also been activated by the 
attack. The stupor and total body fatigue that occur after a 
grand mal seizure is over are believed to result from the 
intense fatigue of the neuronal synapses following their in¬ 
tensive activity during the grand mal attack. 


PETIT MAL EPILEPSY 

Petit mal epilepsy is closely allied to grand mal epilepsy in 
that it too almost certainly involves the basic brain activating 
system. It is usually characterized by 3 to 30 sec of uncon¬ 
sciousness during w^hich the person has several twitchlike 
contractions of the muscles, usually in the head region — 
especially blinking of the eyes; this is follow^ed by return of 
consciousness and resumption of previous activities. The pa¬ 
tient may have one such attack in many months or in rare 
instances may have a rapid series of attacks, one following 
the other. How^ever, the usual course is for the petit mal 
attacks to appear in late childhood and then to disappear 
entirely by the age of 30. On occasion, a petit mal epileptic 
attack will initiate a grand mal attack. 

The brain wave pattern in petit mal epilepsy is illustrated 
by the middle record of Figure 21-5, which is typified by a 
spike and dome pattern. The spike portion of this recording is 
almost identical to the spikes that occur in grand mal epi¬ 
lepsy, but the dome portion is distinctly different. The spike 
and dome can be recorded over most or all of the cerebral 
cortex, illustrating that the seizure involves the entire acti¬ 
vating system of the brain. 


FOCAJL EPILEPSY 

Focal epilepsy can involve almost any part of the brain, ei¬ 
ther localized regions of the cerebral cortex or deeper struc¬ 
tures of both the cerebrum and brain stem. And almost 
alw^ays, focal epilepsy results from some localized organic 
lesion or functional abnormality, such as a scar that pulls on 
the neuronal tissue, a tumor that compresses an area of the 
brain, a destroyed area of brain tissue, or congenitally de¬ 
ranged local circuitry. Lesions such as these can promote 
extremely rapid discharges in the local neurons; and when 
the discharge rate rises above approximately 1000/sec, syn¬ 
chronous waves begin to spread over the adjacent cortical 
regions. These weaves presumably result from localized rever¬ 
berating circuits that gradually recruit adjacent areas of the 
cortex into the discharge zone. The process spreads to adja¬ 
cent areas at a rate as slow as a few millimeters a minute to as 
fast as several centimeters per second. When such a w^ave of 
excitation spreads over the motor cortex, it causes a progres¬ 
sive “march" of muscular contractions throughout the op¬ 
posite side of the body, beginning most characteristically in 
the mouth region and marching progressively downw^ard to 
the legs, but at other times marching in the opposite direc¬ 
tion. This is called Jacksonian epilepsy. 

A focal epileptic attack may remain confined to a single 
area of the brain, but in many instances the strong signals 
from the convulsing cortex or other part of the brain excite 
the mesencephahc portion of the brain activating system so 
greatly that a grand mal epileptic attack ensues as w'ell. 

Another type of focal epilepsy is the so-called psychomotor 
seizure, which may cause G) ^ short period of amnesia; (2) an 
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attack of abnormal rage; (3) sudden anxiety, discomfort, or 
fear; (4) a moment of incoherent speech or mumbling of 
some trite phrase; or (5) a motor act to attack someone, to rub 
the face with the hand, and so forth. Sometimes the person 
cannot remember his activities during the attack, but at other 
times he will have been conscious of everything that he had 
been doing but unable to control it. Attacks of this type 
characteristically involve part of the limbic portion of the 
brain, such as the hippocampus, the amygdala, the septum, 
and the temporal cortex. 

The lower tracing of Figure 21-5 illustrates a typical elec¬ 
troencephalogram during a psychomotor attack, showing a 
low-frequency rectangular wave with a frequency of be¬ 
tween 2 and 4/sec and with superimposed 14/sec waves. 

The electroencephalogram can often be used to localize 
abnormal spiking waves originating in areas of organic brain 
disease that might predispose to focal epileptic attacks. Once 
such a focal point is found, surgical excision of the focus 
frequently prevents future attacks. 


■ PSYCHOTIC BEHAVIOR AIMII 

DEMEi\TIA - HOLES OF SPECIFIC 

IMECROTRAIVSMITTER SYSTEMS 

Clinical studies of patients with different psychoses and also 
some types of dementia have suggested that many if not 
most of these conditions result from diminished function of 
classes of neurons that secrete specific neurotransmitters. 
Use of appropriate drugs to counteract the loss of the respec¬ 
tive transmitters has been quite successful in treating some 
patients. 

In Chapter 18 we discussed the cause of Parkinson's dis¬ 
ease, the loss of the neurons in the substantia nigra whose 
axons secrete dopamine in the caudate nucleus and puta- 
men. The loss of acetylcholine-secreting neurons in the basal 
ganglia is associated with the abnormal motor patterns of 
Huntington's chorea, as well as with the dementia that de¬ 
velops later in the same patients. In the present section, we 
extend this concept to other abnormalities and other classes 
of neurons that lead to additional types of psychotic behav¬ 
ior or dementia. 


DEPBESSiOi\ AMD IBAMMC^DEPRESSiVE 
PSyCHOSES — DECBEASED ACTiViTV OF 
THE MOBEPiMEPHRIME AMD SEROTOMiM 
MEFROTRAMSHITTER STSTEHS 

In the past few years much evidence has accumulated sug¬ 
gesting that the mental depression psychosis, which afflicts 
about 8 million people in the United States at any one time, 
might be caused by diminished formation of either norepi¬ 
nephrine or serotonin or both. These patients experience 
symptoms of grief, unhappiness, despair, and misery. In ad¬ 
dition, they lose their appetite and sex drive and also have 
severe insomnia. And associated with all these is a state of 
psychomotor agitation despite the depression. 

In the previous chapter it was pointed out that large num¬ 
bers of norepinephrine-secreting neurons are located in the 
brain stem, especially in the locus ceruleus, and that these 
send fibers upward to most parts of the limbic system, the 
thalamus, and the cerebral cortex. Also, many serotonin-pro¬ 
ducing neurons are located in the midline raphe nuclei of the 
lower pons and medulla and also project fibers to many areas 
of the limbic system and to some other areas of the brain as 
well. 


A principal reason for believing that depression is caused 
by diminished activity of the norepinephrine and serotonin 
systems is that drugs that block the secretion of norepineph¬ 
rine and serotonin, such as the drug reserpine, frequently 
cause depression. Conversely, about 70 per cent of depres¬ 
sive patients can be treated very effectively with one of two 
types of drugs that increase especially the excitatory effects 
of norepinephrine at the nerve endings, and perhaps of sero¬ 
tonin as well: (1) monoamine oxidase inhibitors, which block 
destruction of norepinephrine and serotonin once they are 
formed; and (2) tricyclic antidepressants, which block reup¬ 
take of norepinephrine and serotonin by the nerve endings, 
so that these transmitters remain active for longer periods of 
time after secretion. 

Mental depression can also be treated effectively by elec¬ 
troconvulsive therapy—commonly called "shock therapy." 
In this therapy an electric shock is used to cause a generalized 
seizure similar to that of an epileptic attack. This has also 
been shown to enhance norepinephrine transmission effi¬ 
ciency. 

Some patients with mental depression alternate between 
depression and mania, which is called manic-depressive psy¬ 
chosis, and a few persons exhibit only mania without the 
depressive episodes. Drugs that diminish the formation or 
action of norepinephrine and serotonin, such as lithium 
compounds, can be effective in treating the manic condition. 

Therefore, it is presumed that the norepinephrine system 
especially and perhaps the serotonin system as well nor¬ 
mally function to provide motor drive to the limbic system to 
increase a person's sense of well-being, to create happiness, 
contentment, good appetite, appropriate sex drive, and psy¬ 
chomotor balance, although too much of a good thing can 
cause mania. In support of this concept is the fact that the 
pleasure and reward centers of the hypothalamus and sur¬ 
rounding areas receive large numbers of nerve endings from 
the norepinephrine system. 


SCHiZOPHREMIA — EMAGGERA TED 
FFMCTtOM OF PART OF THE DOPAAHME 
STSTEH 

Schizophrenia comes in many different varieties. One of the 
most common is the person who hears voices and has delu¬ 
sions of grandeur, or intense fear, or other types of feelings 
that are unreal. Schizophrenics are often highly paranoid, 
with a sense of persecution from outside sources; they may 
develop incoherent speech, dissociation of ideas, and abnor¬ 
mal sequences of thought; and they are often withdrawn, 
sometimes with abnormal posture and even rigidity. 

There is reason to believe that schizophrenia results from 
excessive functioning of a group of neurons that secrete do¬ 
pamine. These neurons are located in the ventral tegmentum 
of the mesencephalon, medial and superior to the substantia 
nigra. They give rise to the so-called mesolirnbic dopaminergic 
system, which projects nerve fibers mainly into the medial 
and anterior portions of the limbic system, especially into the 
nucleus accumbens, the amygdala, the anterior caudate nu¬ 
cleus, and the anterior cingulate gyrus of the cortex, all of 
which are powerful behavioral control centers. 

Some of the reasons for believing the mesolirnbic dopa¬ 
minergic system to be related to schizophrenia are the fol¬ 
lowing: When Parkinson's disease patients are treated with 
L-dopa, which releases dopamine in the brain, the park¬ 
insonian patient sometimes develops schizophrenic-like 
symptoms, indicating that excess dopaminergic activity can 
cause dissociation of a person's drives and thought patterns. 
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However, an even more compelling reason for believing that 
schizophrenia might be caused by excess production of do¬ 
pamine is that those drugs that are effective in treating 
schizophrenia, such as chlorpromazine, haloperidol, and 
thiothixene, all decrease the secretion of dopamine by the 
dopaminergic nerve endings or decrease the effect of dopa¬ 
mine on the subsequent neurons. 

Almost certainly there are other factors in schizophrenia 
besides excess secretion of dopamine; nevertheless, the 
symptoms of schizophrenia are similar to the behavioral ef¬ 
fects of excessive dopamine. 

ALZHEiMEWS DiSEASE — LOSS OF 
ACEJALCHOLLXE-SECRETiXG XEUROXS 

Alzheimer's disease is defined as premature aging of the 
brain, usually beginning in midadult life and progressing 
rapidly to extreme loss of mental powders as usually seen in 
very, very old age. These patients usually require continuous 
care within a few years after the disease begins. 

A consistent finding in Alzheimer's disease is about 75 per 
cent loss of the neurons in the nucleus basalis of Meynert, 
located beneath the globus pallidus in the substantia innomi- 
nata. The neurons of this nucleus send acetylcholine-secreting 
fibers to a large share of the neocortex. It is presumed that the 
acetylcholine in some way activates the neuronal mecha¬ 
nisms for storing and recalling memories. The nucleus ba¬ 
salis in turn receives input signals from multiple portions 
of the limbic system, which provides the motivational drive 
for the memory process that was discussed in the previous 
chapter. 

Other neurotransmitters that have also been found defi¬ 
cient in Alzheimer's disease are somatostatin and substance P. 
Therefore, the basic cause of the disease might be more 
global, rather than simply a loss of one specific set of acetyl¬ 
choline-secreting neurons. 


REFEREXCES 

Ashton, H.: Brain Systems, Disorders and Psychotropic Drugs. New York, 
Oxford University Press, 1987. 

Barnes, D. M.; Biological issues in schizophrenia. Science, 235:430, 1987. 
Barnes, D. M.: Debate about epilepsy: UTnat initiates seizures? Science, 
234:938, 1986. 

Bindman, L.: The Neurophysiology of the Cerebral Cortex. Austin, University 
of Texas Press, 1981. 

Chrousos, G. P., et al. (eds.): Mechanisms of Physical and Emotional Stress. 

New York, Plenum Publishing Corp., 1988. 

Conn, D. K., et al. (eds.): Psychiatric Consequences of Brain Disease in the 
Elderly. New York, Plenum Publishing Corp., 1989. 


Cooper, A. J. L., and Plum, F.: Biochemistry and physiology of brain ammonia. 
Physiol. Rev., 67:440, 1987. 

Dichter, M. A. (ed.): Mechanisms of Epileptogenesis. New York, Plenum Pub¬ 
lishing Corp., 1988. 

Dichter, M. A., and Ayala, G. F.; Cellular mechanisms of epilepsy: A status 
report. Science, 237:157, 1987. 

DiDonato, S., et al. (eds.); Molecular Genetics of Neurological and Neuromus¬ 
cular Disease. New York, Raven Press, 1988. 

Georgotas, A., and Cancro, R. (eds.): Depression and Marua. New York, Else¬ 
vier Science Publishing Co., 1988. 

Glaser, G. H., et al. (eds.): Antiepileptic Ehugs. New York, Raven Press, 1980. 

Hansen, A. J.: Effect of anoxia on ion distribution in the brain. Physiol. Rev., 
65:101, 1985. 

Hobson, J. A., and Brazier, M. A. B. (eds.); The Reticular Formation Revisited: 
Sp>ecifying Function for a Nonspecific System. New York, Raven Press, 
1980. 

Hyvarinen, J.: Posterior parietal lobe of the primate brain. Physiol. Rev., 
62:1060, 1982. 

Jacobs, B. L: How hallucinogenic drugs work. Am. Sd., 75:386, 1987. 

Jones, E. G.: Organization of the thalamocortical complex and its relation to 
sensory processes. In Darian-Smith, I. (ed.): Handbook of Physiology, Sec. 
1, Vol. III. Bethesda, Md., American Physiological Society, 1984, p. 149. 

Kaplan, H. 1., and Sadock, B. J.: Synopsis of Psychiatry: Behavioral Sciences 
Clinical Psychiatry, 5th Ed. Baltimore, Williams & Wilkms, 1988. 

Klee, M. (ed.): Physiology and Pharmacology of Epileptogeruc Phenomena. 
New York, Raven Press, 1982. 

Kiyger, M. H., et al.: Principles and Practice of Sleep Medicine. Philadelphia, 
W. B. Saunders Co., 1986. 

Livingston, R. B.: Serisory Processing, Perception, and Behavior. New York, 
Raven Press, 1978. 

Marm, J. J. (ed.): The Phenomenology of Depressive Illness. New York, Ple¬ 
num Publishing Corp., 1988. 

McKinney, W. T.: Models of Mental Disorders. New York, Plenum Publishing 
Corp., 1988. 

Meijer, J. H., and Rietveld, W. J.; Neurophysiology of the suprachiasmatic 
circadian pacemaker in rodents. Physiol. Rev., 69:671, 1989. 

Mesulam, M. M.: The cholinergic cormection in Alzheimer's disease. News 
Physiol. Sd., 1:107, 1986. 

Mitzdorf, U.: Current source-density method and application in cat cerebral 
cortex: Investigation of evoked potentials and EEG phenomena. Physiol. 
Rev., 65:37, 1985. 

Nappi, G., et al. (eds.): Neurodegenerative Disorders. New York, Raven Press, 
1988. 

Nerozzi, D., et al. (eds.): Hypothalamic Dysfunction in Neuropsychiatric Dis¬ 
orders. New York, Raven Press, 1987. 

Newmark, M. E., and Penry, J. K.: Genetics of Epilepsy: A Review. New York, 
Churchill Livingstone, 1980. 

Plum, F., and Posner, J. B.: The Diagnosis of Stupor and Coma, 3rd Ed. 
Philadelphia, F. A. Davis Co., 1980. 

Pollack, M. H., et al.: Propranolol and depression revisited: Three cases and a 
review. J. Nerv. Ment. Dis., 173:118, 1985. 

Stem, R. M., et al.: Psychophysiological Recording. New York, Oxford Univer¬ 
sity Press, 1980. 

Strong, R., et al. (eds.): Central Nervous System Disorders of Aging. New York, 
Raven Press, 1988. 

Terry, R. D. (ed.): Aging and the Brain. New York, Raven Press, 1988. 

Tucek, S.: Regulation of acetylcholine synthesb in the brain. J. Neurochem., 
44:11, 1985. 

Wauquier, A., et al.: Slow Wave Sleep: Physiological, Pathophysiological, and 
Functional Aspects. New York, Raven Press, 1989. 

Wolman, B. B.: Psychosomatic Disorders. New York, Plenum Publishing 
Corp., 1988. 



The Autonomic ]\fervous 
System} The Adrenal Medulla 


The portion of the nervous system that controls the 
visceral functions of the body is called the autonomic 
nervous system. This system helps control arterial pres¬ 
sure, gastrointestinal motility and secretion, urinary 
bladder emptying, sweating, body temperature, and 
many other activities, some of which are controlled 
almost entirely and some only partially by the auto¬ 
nomic nervous system. 

One of the most striking characteristics of the auto¬ 
nomic nervous system is the rapidity and intensity 
with which it can change visceral functions. For in¬ 
stance, within 3 to 5 sec it can increase the heart rate to 
two times normal, and the arterial pressure can be 
doubled within as little as 10 to 15 sec; or, at the other 
extreme, the arterial pressure can be decreased low 
enough within 4 to 5 sec to cause fainting. Sweating 
can begin within seconds, and the bladder may empty 
involuntarily, also within seconds. It is these extremely 
rapid changes that are measured by the lie detector 
polygraph, reflecting the innermost feelings of a 
person. 


■ GENERAL ORGAIVIZATIOIV 
OF THE AtfTOIVOMIC 
IVERVOUS SYSTEM 

The autonomic nervous system is activated mainly by 
centers located in the spinal cord, brain stem, and hypo¬ 
thalamus. Also, portions of the cerebral cortex, espe¬ 
cially of the limbic cortex, can transmit impulses to the 
lower centers and in this way influence autonomic 
control. Often the autonomic nervous system also 
operates by means of visceral reflexes. That is, sensory 
signals entering the autonomic ganglia, cord, brain 
stem, or hypothalamus can elicit appropriate reflex 
responses back to the visceral organs to control their 
activities. 

The efferent autonomic signals are transmitted to 
the body through two major subdivisions called the 


sympathetic nervous system and the parasympathetic 
nervous system, the characteristics and functions of 
which follow. 


PHYSIOLOGIC ANATOMY OF THE 
SYMPATHETIC NERVOVS SYSTEM 

Figure 22-1 illustrates the general organization of the sym¬ 
pathetic nervous system, showing one of the two paraverte¬ 
bral sympathetic chains of ganglia that lie to the two sides of 
the spinal column, two prevertebral ganglia (the celiac and 
hypogastric), and nerves extending from the ganglia to the 
different internal organs. The sympathetic nerves originate 
in the spinal cord between the segments T-1 and L-2 and 
pass from here first into the sympathetic chain and thence to 
the tissues and organs that are stimulated by the sympathetic 
nerves. 


Pregangiionic and Postganglionic 
Sympathetic Neurons 

The sympathetic nerves are different from skeletal motor 
nerves in the following way: Each sympathetic pathway 
from the cord to the stimulated tissue is composed of two 
neurons, a preganglionic neuron and a postganglionic neuron, 
in contrast to only a single neuron in the skeletal motor path¬ 
way. The cell body of each preganglionic neuron lies in the 
intermediolateral horn of the spinal cord; and its fiber passes, 
as illustrated in Figure 22-2, through an anterior root of the 
cord into the corresponding spinal nerve. 

Immediately after the spinal nerve leaves the spinal col¬ 
umn, the preganglionic sympathetic fibers leave the nerve 
and pass through the white ramus into one of the ganglia of 
the sympathetic chain. Then the course of the fibers can be 
one of the following three: (1) It can synapse with postgan¬ 
glionic neurons in the ganglion that it enters. (2) It can pass 
upward or downward in the chain and synapse in one of the 
other ganglia of the chain. Or (3) it can pass for variable 
distances through the chain and then through one of the 
sympathetic nerves radiating outward from the chain, finally 
terminating in one of the prevertebral ganglia. 
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Trigone 

Fi^re 22 — 1. The sympathetic nervous system. Dashed lines 
represent postganglionic fibers in the gray rami leading into the 
spinal nerves for distribution to blood vessels, sweat glands, and 
piloerector muscles. 


The postganglionic neuron then originates either in one of 
the sympathetic chain ganglia or in one of the prevertebral 
ganglia. From either of these two sources, the postganglionic 
fibers travel to their destinations in the various organs. 

Sympathetic Nerve Fibers in the Skeletal Nerves. Some 
of the postganglionic fibers pass back from the sympathetic 
chain into the spinal nerves through gray rami at all levels of 
the cord, illustrated by the dashed fiber in Figure 22-2. 
These pathways are made up of type C fibers that extend to 
all parts of the body in the skeletal nerves. They control the 
blood vessels, sweat glands, and piloerector muscles of the 
hairs. Approximately 8 per cent of the fibers in the average 
skeletal nerve are sympathetic fibers, a fact that indicates 
their importance. 

Segmental Distribution of the Sympathetic Nerves. The 
sympathetic pathways originating in the different segments 
of the spinal cord are not necessarily distributed to the same 
part of the body as the spinal nerve fibers from the same 
segments. Instead, the sympathetic fibers from cord segment 
T-1 generally pass up the sympathetic chain to the head; from 
T-2 into the neck; from T-3, T-4, T-5, and T-6 into the thorax; 
from T-7, T-8, T-9, T-10, and T-IJ into the abdomen; and from 
T-12, L-1, and 1-2 into the legs. This distribution is only ap¬ 
proximate and overlaps greatly. 

The distribution of sympathetic nerves to each organ is 


determined partly by the position in the embryo where the 
organ originates. For instance, the heart receives many sym¬ 
pathetic nerve fibers from the neck portion of the sympa¬ 
thetic chain because the heart originates in the neck of the 
embryo. Likewise, the abdominal organs receive their sym¬ 
pathetic innervation from the lower thoracic segments be¬ 
cause most of the primitive gut originates in this area. 

Special Nature of the Sympathetic Nerve Endings in 
the Adrenal Medullae. Preganglionic sympathetic nerve 
fibers pass, without synapsing, all the way from the interme- 
diolateral horn cells of the spinal cord, through the sympa¬ 
thetic chains, through the splanchnic nerves, and finally into 
the adrenal medullae. There they end directly on modified 
neuronal cells that secrete epinephrine and norepinephrine 
into the blood stream. These secretory cells embryologically 
are derived from nervous tissue and are analogous to post¬ 
ganglionic neurons; indeed, they even have rudimentary 
nerve fibers, and it is these fibers that secrete the hormones. 


PHVSiOLOGiC AiVATOiiV OF THE 
PARASVHPATHETiC \ERVOUS SVSTEH 

The parasympathetic nervous system is illustrated in Figure 
22-3, showing that parasympathetic fibers leave the central 
nervous system through cranial nerves III, VII, IX, and X; the 
second and third sacral spinal nerves; and occasionally the 
first and fourth sacral nerves. About 75 per cent of all para¬ 
sympathetic nerve fibers are in the vagus nerves, passing to 
the entire thoracic and abdominal regions of the body. 
Therefore, a physiologist speaking of the parasympathetic 
nervous system often thinks mainly of the two vagus nerves. 
The vagus nerves supply parasympathetic nerves to the 
heart, the lungs, the esophagus, the stomach, the entire small 



Figure 22 — 2. Nerve connections between the spinal cord, sym¬ 
pathetic chain, spinal nerves, and peripheral sympathetic nerves. 
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Heart 



Fi^re 22-3. The parasympathetic nervous system. 


intestine, the proximal half of the colon, the liver, the gall¬ 
bladder, the pancreas, and the upper portions of the ureters. 

Parasympathetic fibers in the third nerve flow to the pupil¬ 
lary sphincters and ciliary muscles of the eye. Fibers from the 
seventh nerve pass to the lacrimal, nasal, and submandibular 
glands, and fibers from the ninth nerve pass to the parotid 
gland. 

The sacral parasympathetic fibers congregate in the form 
of the nervi erigentes, also called the pelvic nerves, which 
leave the sacral plexus on each side of the cord and distribute 
their peripheral fibers to the descending colon, rectum, blad¬ 
der, and lower portions of the ureters. Also, this sacral group 
of parasympathetics supplies fibers to the external genitalia 
to cause sexual stimulation. 

Preganglionic and Postganglionic Parasympathetic 
Neurons. The parasympathetic system, like the sympathetic, 
has both preganglionic and postganglionic neurons. How¬ 
ever, except in the case of a few cranial parasympathetic 
nerves, the preganglionic fibers pass uninterrupted all the 
way to the organ that is to be controlled. Then, in the wall of 
the organ are located the postganglionic neurons. The pregan¬ 
glionic fibers synapse with these, and short postganglionic 
fibers, 1 mm to several centimeters in length, leave the neu¬ 
rons to spread through the substance of the organ. This loca¬ 
tion of the parasympathetic postganglionic neurons in the 
visceral organ itself is quite different from the arrangement 
of the sympathetic ganglia, for the cell bodies of the sympa¬ 
thetic postganglionic neurons are almost always located in 
ganglia of the sympathetic chain or in various other discrete 
ganglia in the abdomen, rather than in the excited organ 
itself. 


■ BA81C CHARACTERISTICS 
OF SYMPATHETIC Ai\D 
PARASYMPATHETIC 
Ftf\CTIOi\ 

CHOLIAERGIC AXD AJJREAERGtC 
FIRERS — SECRETIOX OF 
ACETYLCHOLMXE OR 
XOREPIXEPHRIXE 

The sympathetic and parasympathetic nerve fibers all 
secrete one of the two synaptic transmitter substances, 
acetylcholine or norepinephrine. Those that secrete 
acetylcholine are said to be cholinergic. Those that se¬ 
crete norepinephrine are said to be adrenergic, a term 
derived from adrenaline, which is the British name for 
epinephrine. 

All preganglionic neurons are cholinergic in both the 
sympathetic and parasympathetic nervous systems. 
Tlierefore, acetylcholine or acetylcholine-like sub¬ 
stances, when applied to the ganglia, will excite both 
sympathetic and parasympathetic postganglionic neu¬ 
rons. 

The postganglionic neurons of the parasympathetic 
system are also all cholinergic. 

On the other hand, most of the postganglionic sympa¬ 
thetic neurons are adrenergic, though this is not entirely 
true, because the postganglionic sympathetic nerve 
fibers to the sweat glands, to the piloerector muscles, 
and to a few blood vessels are cholinergic. 

Thus, the terminal nerve endings of the parasympa¬ 
thetic system all secrete acetylcholine, and most of the 
sympathetic nerve endings secrete norepinephrine. 
These hormones, in turn, act on the different organs to 
cause the respective parasvTnpathetic and sympathetic 
effects. Therefore, they are often called, respectively, 
parasympathetic and sympathetic transmitters. 

These are the molecular structures of acetylcholine 
and norepinephrine: 


Mechanisms of Transmitter Secretion 
and Removal at the Postganglionic 
Endings 

Secretion of Acetylcholine and Norepinephrine 
by Postganglionic Nerve Endings. Some of the post¬ 
ganglionic autonomic nerve endings, especially those 
of the parasympathetic nerv'es, are similar to but much 
smaller in size than those of the skeletal neuromuscu¬ 
lar junction. However, most of the sympathetic nerve 
fibers merely touch the effector cells of the organs that 
they innervate as they pass by; and in some instances 
they terminate in connective tissue located adjacent to 
the cells that are to be stimulated. Where these fila¬ 
ments pass over or near the effector cells, they usually 
have bulbous enlargements called varicosities; it is in 
these varicosities that the transmitter vesicles of ace¬ 
tylcholine or norepinephrine are found. Also in the 
varicosities are large numbers of mitochondria to sup- 
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ply the adenosine triphosphate (ATP) required to en¬ 
ergize acetylcholine or norepinephrine synthesis. 

When an action potential spreads over the terminal 
fibers, the depolarization process increases the perme¬ 
ability of the fiber membrane to calcium ions, allowing 
these to diffuse into the nerve terminals. There they 
interact with the vesicles that are adjacent to the mem¬ 
brane, causing them to fuse with the membrane and to 
empty their contents to the exterior. Thus, the trans¬ 
mitter substance is secreted. 

Synthesis of Acetylcholine, Its Destruction After 
Secretion, and Duration of Action. Acetylcholine is 
synthesized in the terminal endings of cholinergic 
nerve fibers. Most of this synthesis occurs in the axo¬ 
plasm outside the vesicles, and then the acetylcholine 
is transported to the interior of the vesicles, where it is 
stored in a highly concentrated form until it is released. 
The basic chemical reaction of this synthesis is the 
following: 

choline acetyl- 

Acetyl-CoA + Choline > Acetylcholine 

Once the acetylcholine has been secreted by the 
cholinergic nerve ending, it persists in the tissue for a 
few seconds; then most of it is split into an acetate ion 
and choline by the enzyme acetylcholinesterase bound 
with collagen and glycosaminoglycans in the local 
connective tissue. Thus, this is the same mechanism of 
acetylcholine destruction that occurs at the neuromus¬ 
cular junctions of skeletal nerve fibers. The choline 
that is formed is in turn transported back into the ter¬ 
minal nerve ending, where it is used again for synthe¬ 
sis of new acetylcholine. 

Synthesis of Norepinephrine, Its Removal, and 
Duration of Action. Synthesis of norepinephrine 
begins in the axoplasm of the terminal nerve endings 
of adrenergic nerve fibers but is completed inside the 
vesicles. The basic steps are the following: 

1. Tyrosine «^DOPA 

2. DOPA Dopamine 

3. Transport of dopamine into the vesicles 

4. Dopamine Norepinephrine 

In the adrenal medulla this reaction goes still one 
step further to transform about 80 per cent of the nor¬ 
epinephrine into epinephrine, as follows: 

V T • 1 • methylation t- . -i . 

D. Norepmephnne-^ Epinephrine 

After secretion of norepinephrine by the terminal 
nerve endings, it is removed from the secretory site in 
three different ways: (1) reuptake into the adrenergic 
nerve endings themselves by an active transport 
process — accounting for removal of 50 to 80 per cent 


of the secreted norepinephrine; (2) diffusion away 
from the nerve endings into the surrounding body 
fluids and thence into the blood — accounting for re¬ 
moval of most of the remainder of the norepinephrine; 
and (3) destruction by enzymes to a slight extent (one 
of these enzymes is monoamine oxidase, which is found 
in the nerve endings themselves, and another is cate- 
chol-O-methyl transferase, which is present diffusely in 
all tissues). 

Ordinarily, the norepinephrine secreted directly into 
a tissue remains active for only a few seconds, illus¬ 
trating that its reuptake and diffusion away from the 
tissue are rapid. However, the norepinephrine and epi¬ 
nephrine secreted into the blood by the adrenal me- 
dullae remain active until they diffuse into some tissue 
where they are destroyed by catechol-O-methyl trans¬ 
ferase; this occurs mainly in the liver. Therefore, when 
secreted into the blood, both norepinephrine and epi¬ 
nephrine remain very active for 10 to 30 sec; additional 
decreasing activity follows for 1 to several minutes. 


RECEPTORS OF THE EFFECTOR 
ORGANS 

Before the acetylcholine, norepinephrine, or epineph¬ 
rine transmitter secreted at the autonomic nerve end¬ 
ings can stimulate the effector organ, it must first bind 
with highly specific receptors of the effector cells. The 
receptor is usually on the outside of the cell membrane, 
bound as a prosthetic group to a protein molecule that 
penetrates all the way through the cell membrane. 
When the transmitter binds with the receptor, this gen¬ 
erally causes a conformational change in the structure 
of the protein molecule. In turn, the altered protein 
molecule excites or inhibits the cell, most often by (1) 
causing a change in the cell membrane permeability to 
one or more ions or (2) activating or inactivating an 
enzyme attached to the other end of the receptor pro¬ 
tein where it protrudes into the interior of the cell. 

Excitation or Inhibition of the Effector Cell by 
Changing Its Membrane Permeability. Because the 
receptor protein is an integral part of the cell mem¬ 
brane, a conformational change in the structures of 
many of these proteins opens or closes ion channels, 
thus altering the permeability of the cell membrane to 
various ions. For instance, sodium and/or calcium ion 
channels frequently become opened and allow rapid 
influx of the respective ions into the cell, usually depo¬ 
larizing the cell membrane and exciting the cell. At 
other times, potassium channels are opened, allowing 
potassium ions to diffuse out of the cell, and this usu¬ 
ally inhibits it. Also, in some cells, the ions will cause 
an internal ceil action, such as the direct effect of cal¬ 
cium ions in promoting smooth muscle contraction. 

Receptor Action by Altering Intracellular En¬ 
zymes. Another way the receptor functions is in acti¬ 
vating or inactivating an enzyme (or other intracellular 
chemical) inside the cell. The enzyme usually is at¬ 
tached to the receptor protein where it protrudes into 
the interior of the cell. For instance, binding of epi- 
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nephrine with its receptor on the outside of many cells 
increases the activity of the enzyme adenylcyclase on 
the inside of the cell and this then causes the forma¬ 
tion of cyclic adenosine monophosphate (cAMP). The 
cAMP in turn can initiate any one of many different 
intracellular actions, the exact effect depending on the 
chemical machinery of the effector cell. 

Therefore, it is easy to understand how an auto¬ 
nomic transmitter substance can cause inhibition in 
some organs or excitation in others. This is usually 
determined by the nature of the receptor protein in the 
cell membrane and the effect of receptor binding on its 
conformational state. In each organ, the resulting ef¬ 
fects are likely to be entirely different from those in 
other organs. 


The Acefylcholine Receptors — 

Muscarinic and Nicotinic Receptors 

Acetylcholine activates two different types of recep¬ 
tors. These are called muscarinic and nicotinic recep¬ 
tors. The reason for these names is that muscarine, a 
poison from toadstools, activates only the muscarinic 
receptors but will not activate the nicotinic receptors, 
whereas nicotine will activate only nicotinic receptors; 
acetylcholine activates both of them. 

The muscarinic receptors are found in all effector 
cells stimulated by the postganglionic neurons of the 
parasympathetic nervous system, as well as those 
stimulated by the postganglionic cholinergic neurons 
of the sympathetic system. 

The nicotinic receptors are found in the synapses 
between the pre- and postganglionic neurons of both 
the sympathetic and parasympathetic systems and 
also in the membranes of skeletal muscle fibers at the 
neuromuscular junction (discussed in Chapter 25). 

An understanding of the two different types of re¬ 
ceptors is especially important because specific drugs 
are frequently used in the practice of medicine to stim¬ 
ulate or to block one or the other of the two types of 
receptors. 


The Adrenergic Receptors — Alpha and 
Beta Receptors 

Research experiments using different drugs that mimic 
the action of norepinephrine on sympathetic effector 
organs (called sympathomimetic drugs) have shown 
that there are two major types of adrenergic receptors, 
alpha receptors and beta receptors. (The beta receptors 
in turn are divided into beta^ and beta 2 receptors be¬ 
cause certain drugs affect some beta receptors but not 
all. Also, there is a less distinct division of alpha recep¬ 
tors into alphai and alpha 2 receptors.) 

Norepinephrine and epinephrine, both of which are 
secreted by the adrenal medulla, have somewhat dif¬ 
ferent effects in exciting the alpha and beta receptors. 
Norepinephrine excites mainly alpha receptors but ex¬ 
cites the beta receptors to a slight extent as well. On the 
other hand, epinephrine excites both types of receptors 
approximately equally. Therefore, the relative effects 


of norepinephrine and epinephrine on different effec¬ 
tor organs is determined by the types of receptors in 
the organs. Obviously, if they are all beta receptors, 
epinephrine will be the more effective excitant. 

Table 22-1 gives the distribution of alpha and beta 
receptors in some of the organs and systems controlled 
by the sympathomimetics. Note that certain alpha 
functions are excitatory while others are inhibitory. 
Likewise, certain beta functions are excitatory and 
others are inhibitory. Therefore, alpha and beta recep¬ 
tors are not necessarily associated with excitation or 
inhibition but simply with the affinity of the hormone 
for the receptors in the given effector organ. 

A synthetic hormone chemically similar to epineph¬ 
rine and norepinephrine, isopropyl norepinephrine, has 
an extremely strong action on beta receptors but es¬ 
sentially no action on alpha receptors. 


EXCITATORY AND INHIBITORY 
ACTIONS OF SYMPATHETIC AND 
PARASYMPATHETIC STIAWLATION 

Table 22-2 lists the effects on different visceral func¬ 
tions of the body caused by stimulating the parasym¬ 
pathetic and sympathetic nerves. From this table it can 
be seen again that sympathetic stimulation causes excit¬ 
atory effects in some organs but inhibitory effects in 
others. Likewise, parasympathetic stimulation causes ex¬ 
citation in some but inhibition in others. Also, when 
sympathetic stimulation excites a particular organ, 
parasympathetic stimulation sometimes inhibits it, il¬ 
lustrating that the two systems occasionally act recip¬ 
rocally to each other. However, most organs are domi¬ 
nantly controlled by one or the other of the two 
systems. 

There is no generalization one can use to explain 
whether sympathetic or parasympathetic stimulation 
will cause excitation or inhibition of a particular organ. 
Therefore, to understand sympathetic and parasym¬ 
pathetic function, one must learn the functions of 
these two nervous systems as listed in Table 22-2. 
Some of these functions need to be clarified in still 
greater detail as follows: 


TABLE 22-1 Adrenergic Receptors and Function 
Alpha Receptor Beta Receptor 


Vasoconstriction 
Iris dilatation 
Intestinal relaxation 

Intestinal sphincter 

Intestinal sphincter 
contraction 
Pilomotor contraction 
Bladder sphincter 
contraction 


Vasodilatation {fi^) 
Cardioacceleration ()?,) 
Increased myocardial 
strength {^0 
Increased myocardial 
strength (^,) 

Intestinal relaxation {fiz) 
Uterus relaxation {^ 2 .) 
Bronchodilatation (^ 2 ) 
Calorigenesis {fi^) 
Glycogenolysis {fiz) 
Lipolysis (/fj 

Bladder wall relaxation (^ 2 ) 
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TABLE 22-2 Autonomic Effects on Various Organs of the Body 


Organ 


Effect of Sympathetic Effect of Parasympathetic 

Stimulation Stimulation 


Eye 

Pupil 

Ciliary muscle 
Glands 

Nasal 

Lacrimal 

Parotid 

Submandibular 
Gastric 
Pancreatic 
Sweat glands 
Ap)ocrine glands 
Heart 
Muscle 

Coronaries 
Lungs 
Bronchi 
Blood vessels 
Gut 

Lumen 

Sphincter 

Liver 

Gallbladder and bile ducts 
Kidney 
Bladder 
Detrusor 
Trigone 
Penis 

Systemic arterioles 
Abdominal viscera 
Muscle 


Skin 

Blood 

Coagulation 

Glucose 

Lipids 

Basal metabolism 
Adrenal medullary secretion 
Mental activity 
Piloerector muscles 
Skeletal muscle 

Fat cells 


Dilated 

Slight relaxation (far vision) 
V'asoconstriction and slight secretion 


Copious sweating (cholinergic) 

Thick, odoriferous secretion 

Increased rate 

Increased force of contraction 
Dilated {fiz): constricted (a) 

Dilated 

Mildly constricted 

Decreased peristalsis and tone 
Increased tone (most times) 

Glucose released 
Relaxed 

Decreased output and renin secretion 

Relaxed (slight) 

Contracted 

Ejaculation 

Constricted 

Constricted (adrenergic a) 

Dilated (adrenergic fiz) 

Dilated (cholinergic) 

Constricted 

Increased 

Increased 

Increased 

Increased up to 100% 

Increased 

Increased 

Contracted 

Increased glycogenolysis 
Increased strength 
Lipolysis 


Constricted 

Constricted (near vision) 

Stimulation of copious secretion (containing 
many enzymes for enzyme-secreting glands) 


Sweating on palms of hands 
None 

Slowed rate 

Decreased force of contraction (especially of atria) 
Dilated 

Constricted 
? Dilated 

Increased peristalsis and tone 
Relaxed (most times) 

Slight glycogen synthesis 

Contracted 

None 

Contracted 

Relaxed 

Erection 

None 

None 


None 

None 

None 

None 

None 

None 

None 

None 

None 

None 


EFFECTS OF SYMPATHETIC A\D 
PABASYMPATHETtC STIMVLATWX 0\ 

SPECiFiC ORGAuYS 

The Eye. Two functions of the eye are controlled by the 
autonomic nervous system. These are the pupillary opening 
and the focus of the lens. Sympathetic stimulation contracts 
the meridional fibers of the iris that dilate the pupil, whereas 
parasympathetic stimulation contracts the circular muscle of 
the iris to constrict the pupil. The parasympathetics that con¬ 
trol the pupil are reflexly stimulated when excess light enters 
the eyes, which is explained in Chapter 13; this reflex re¬ 
duces the pupillar)' opening and decreases the amount of 
light that strikes the retina. On the other hand, the sympa- 
thetics become stimulated during periods of excitement and, 
therefore, increase the pupillary opening at these times. 

Focusing of the lens is controlled almost entirely by the 
parasympathetic nervous system. The lens is normally held 


in a flattened state by intrinsic elastic tension of its radial 
ligaments. Parasympathetic excitation contracts the ciliary 
muscle, which releases this tension and allows the lens to 
become more convex. This causes the eye to focus on objects 
near at hand. The focusing mechanism is discussed in Chap¬ 
ters 11 and 13 in relation to the function of the eyes. 

The Glands of the Body. The nasal, lacrimal, salivary, and 
many gastrointestinal glands are all strongly stimulated by 
the parasympathetic nervous system, usually resulting in co¬ 
pious quantities of secretion. The glands of the alimentary 
tract most strongly stimulated by the parasympathetics are 
those of the upper tract, especially those of the mouth and 
stomach. The glands of the small and large intestines are 
controlled principally by local factors in the intestinal tract 
itself and not by the autonomic nerves. 

Sympathetic stimulation has a slight direct effect on 
glandular cells in causing formation of a concentrated secre¬ 
tion. However, it also causes vasoconstriction of the blood 



22 ■ The Autonomic lAenous System; The Adrenal 3Iedulla 279 


vessels supplying the glands and in this way often reduces 
their rates of secretion. 

The sweat glands secrete large quantities of sweat when the 
sympathetic nerves are stimulated, but no effect is caused by 
stimulating the parasympathetic nerves. However, the sym¬ 
pathetic fibers to most sweat glands are cholinergic (except 
for a few adrenergic fibers to palms of the hand and the soles 
of the feet), in contrast to almost all other sympathetic fibers, 
which are adrenergic. Furthermore, the sweat glands are 
stimulated primarily by centers in the hypothalamus that are 
usually considered to be parasympathetic centers. Therefore, 
sweating could be called a parasympathetic function. 

The apocrine glands in the axillae secrete a thick, odor¬ 
iferous secretion as a result of sympathetic stimulation, but 
they do not react to parasympathetic stimulation. Instead, 
the apocrine glands, despite their close embryological rela¬ 
tionship to sweat glands, are controlled by adrenergic fibers 
rather than by cholinergic fibers and are controlled by the 
sympathetic centers of the central nervous system rather 
than by the parasympathetic centers. 

The Gastrointestinal System. The gastrointestinal sys¬ 
tem has its own intrinsic set of nerves known as the intramu¬ 
ral plexus. However, both parasympathetic and sympathetic 
stimulation can affect gastrointestinal activity. Parasympa¬ 
thetic stimulation, in general, increases the overall degree of 
activity of the gastrointestinal tract by promoting peristalsis 
and relaxing the sphincters, thus allowing rapid propulsion 
of contents along the tract. This propulsive effect is asso¬ 
ciated with simultaneous increases in rates of secretion by 
many of the gastrointestinal glands, which was described 
earlier. 

Normal function of the gastrointestinal tract is not very 
dependent on sympathetic stimulation. However, strong 
sympathetic stimulation inhibits peristalsis and increases the 
tone of the sphincters. The net result is greatly slowed pro¬ 
pulsion of food through the tract and sometimes decreased 
secretion as well. 

The Heart. In general, sympathetic stimulation increases 
the overall activity of the heart. This is accomplished by 
increasing both the rate and force of heart contraction. Para¬ 
sympathetic stimulation causes mainly the opposite effects. 
To express these effects in another way, sympathetic stimu¬ 
lation increases the effectiveness of the heart as a pump, 
whereas parasympathetic stimulation decreases its pumping 
capability. 

Systemic Blood Vessels. Most systemic blood vessels, es¬ 
pecially those of the abdominal viscera and the skin of the 
limbs, are constricted by sympathetic stimulation. Parasym¬ 
pathetic stimulation generally has almost no effect on blood 
vessels but does dilate vessels in certain restricted areas such 
as in the blush area of the face. Under some conditions, the 
beta function of the sympathetics causes vascular dilatation, 
especially when drugs have paralyzed the sympathetic alpha 
vasoconstrictor effects, which are usually by far dominant 
over the beta effects. 

Effect of Sympathetic and Parasympathetic Stimulation 
on Arterial Pressure. The arterial pressure is determined by 
two factors, the propulsion of blood by the heart and the 
resistance to flow of this blood through the blood vessels. 
Sympathetic stimulation increases both propulsion by the 
heart and resistance to flow, which usually causes the pres¬ 
sure to increase greatly. 

On the other hand, parasympathetic stimulation decreases 
the pumping by the heart but has virtually no effect on total 
peripheral resistance. The usual effect is a slight fall in pres¬ 
sure. Yet very strong vagal parasympathetic stimulation can 
occasionally stop the heart entirely and cause loss of all arte¬ 
rial pressure. 


Effects of Sympathetic and Parasympathetic Stimula¬ 
tion on Other Functions of the Body. Because of the great 
importance of the sympathetic and parasympathetic control 
systems, these are discussed many times in this text in rela¬ 
tion to a myriad of body functions that are not considered in 
detail here. In general, most of the entodermal structures, 
such as the ducts of the liver, the gallbladder, the ureter, the 
bladder, and the bronchi, are inhibited by sympathetic stim¬ 
ulation but excited by parasympathetic stimulation. Also, 
sympathetic stimulation has metabolic effects, causing re¬ 
lease of glucose from the liver, increase in blood glucose 
concentration, increase in glycogenolysis in both liver and 
muscle, increase in muscle strength, increase in basal meta¬ 
bolic rate, and increase in mental activity. Finally, the sym¬ 
pathetics and parasympathetics are involved in the execu¬ 
tion of the male and female sexual acts, as are explained in 
Chapter 29. 


FUiXCTIOIM OF THE ADtlEiXAL MEDVLJLAE 

Stimulation of the sympathetic nerves to the adrenal 
medullae causes large quantities of epinephrine and 
norepinephrine to be released into the circulating 
blood, and these two hormones in turn are carried in 
the blood to all tissues of the body. On the average, 
approximately 80 per cent of the secretion is epineph¬ 
rine and 20 per cent is norepinephrine, though the 
relative proportions can change considerably under 
different physiological conditions. 

The circulating epinephrine and norepinephrine 
have almost the same effects on the different organs as 
those caused by direct sympathetic stimulation, except 
that the effects last 5 to 10 times as long because these 
hormones are removed from the blood slowly. 

The circulating norepinephrine causes constriction 
of essentially all the blood vessels of the body; it causes 
increased activity of the heart, inhibition of the gastro¬ 
intestinal tract, dilation of the pupils of the eyes, and so 
forth. 

Epinephrine causes almost the same effects as those 
caused by norepinephrine, but the effects differ in the 
following respects: First, epinephrine, because of its 
greater effect in stimulating the beta receptors, has a 
greater effect on cardiac stimulation than norepineph¬ 
rine. Second, epinephrine causes only weak constric¬ 
tion of the blood vessels of the muscles, in comparison 
with the much stronger constriction caused by norepi¬ 
nephrine. Because the muscle vessels represent a 
major segment of the vessels of the body, this differ¬ 
ence is of special importance because norepinephrine 
greatly increases the total peripheral resistance and 
thereby greatly elevates arterial pressure, whereas epi¬ 
nephrine raises the arterial pressure to a lesser extent 
but increases the cardiac output considerably more be¬ 
cause of its excitatory effect on the heart. 

A third difference between the actions of epineph¬ 
rine and norepinephrine relates to their effects on tis¬ 
sue metabolism. Epinephrine has up to 5 to 10 times as 
great a metabolic effect as norepinephrine. Indeed, the 
epinephrine secreted by the adrenal medullae can in¬ 
crease the metabolic rate of the body often to as much 
as 100 per cent above normal, in this way increasing 
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the activity and excitability of the whole body. It also 
increases the rate of other metabolic activities, such as 
glycogenolysis in the liver and muscle and glucose re¬ 
lease into the blood. 

In summary, stimulation of the adrenal medullae 
causes the release of hormones that have almost the 
same effects throughout the body as direct sympa¬ 
thetic stimulation, except that the effects are greatly 
prolonged, up to a minute or two after the stimulation 
is over. The only significant differences are caused by 
the beta effects of the epinephrine in the secretion, 
which increase the rate of metabolism and cardiac out¬ 
put to a greater extent than is caused by direct sympa¬ 
thetic stimulation. 

Value of the Adrenal Medullae to the Function of 
the Sympathetic Nervous System. Epinephrine and 
norepinephrine are almost always released by the ad¬ 
renal medullae at the same time that the different 
organs are stimulated directly by generalized sympa¬ 
thetic activation. Therefore, the organs are actually 
stimulated in two different ways simultaneously, di¬ 
rectly by the sympathetic nerves and indirectly by the 
medullary hormones. The two means of stimulation 
support each other, and either can usually substitute 
for the other. For instance, destruction of the direct 
sympathetic pathways to the organs does not abrogate 
excitation of the organs, because norepinephrine and 
epinephrine are still released into the circulating blood 
and indirectly cause stimulation. Likewise, total loss of 
the two adrenal medullae usually has little effect on 
the operation of the sympathetic nervous system be¬ 
cause the direct pathways can still perform almost all 
the necessary duties. Thus, the dual mechanism of 
sympathetic stimulation provides a safety factor, one 
mechanism substituting for the other when it is 
missing. 

Another important value of the adrenal medullae is 
the capability of epinephrine and norepinephrine to 
stimulate structures of the body that are not innervated 
by direct sympathetic fibers. For instance, the meta¬ 
bolic rate of every cell of the body is increased by these 
hormones, especially by epinephrine, even though 
only a small proportion of all the cells in the body are 
innervated directly by sympathetic fibers. 


RELATIOXSHIP OF STI3WLVS RATE 
TO DEGREE OF SVMPATHETIC AXD 
PARASYMPATHETiC EFFECT 

A special difference between the autonomic nervous 
system and the skeletal nervous system is that only a 
very low frequency of stimulation is required for full 
activation of autonomic effectors. In general, only one 
nerve impulse every second or so suffices to maintain 
normal sympathetic or parasympathetic effect, and 
full activation occurs when the nerve fibers discharge 
10 to 20 times/sec. This compares with full activation 
in the skeletal nervous system at 50 to 500 or more 
impulses/sec. 


SYMPATHETIC AiXD 
PARylSYMPATHETIC ^^TOXE'* 

The sympathetic and parasympathetic systems are 
continually active, and the basal rates of activity are 
known, respectively, as sympathetic tone or parasympa¬ 
thetic tone. 

The value of tone is that it allows a single nervous 
system to increase or to decrease the activity of a stimu¬ 
lated organ. For instance, sympathetic tone normally 
keeps almost all of the systemic arterioles constricted 
to approximately half their maximum diameter. By in¬ 
creasing the degree of sympathetic stimulation, these 
vessels can be constricted even more; but, on the other 
hand, by inhibiting the normal tone, they can be di¬ 
lated. If it were not for the continual sympathetic tone, 
the sympathetic system could cause only vasoconstric¬ 
tion, never vasodilatation. 

Another interesting example of tone is that of the 
parasympathetics in the gastrointestinal tract. Surgical 
removal of the parasympathetic supply to most of the 
gut by cutting the vagus nerves can cause serious and 
prolonged gastric and intestinal ''atony" with resulting 
blockage of gastrointestinal propulsion and conse¬ 
quent serious constipation, thus illustrating that para¬ 
sympathetic tone to the gut is normally very strong. 
This tone can be decreased by the brain, thereby inhib¬ 
iting gastrointestinal motility, or it can be increased, 
thereby promoting increased gastrointestinal activity. 

Tone Caused by Basal Secretion of Epinephrine 
and Norepinephrine by the Adrenal Medullae. The 
normal resting rate of secretion by the adrenal medul¬ 
lae is about 0.2 /ig/kg/min of epinephrine and about 
0.05 z^g/kg/min of norepinephrine. These quantities 
are considerable — indeed, enough to maintain the 
blood pressure almost up to the normal value even if 
all direct sympathetic pathways to the cardiovascular 
system are removed. Therefore, it is obvious that much 
of the overall tone of the sympathetic nervous system 
results from basal secretion of epinephrine and norepi¬ 
nephrine in addition to the tone resulting from direct 
sympathetic stimulation. 

Effect of Loss of Sympathetic or Parasympathetic 
Tone Following Denervation. Immediately after a 
sympathetic or parasympathetic nerve is cut, the in¬ 
nervated organ loses its sympathetic or parasympa¬ 
thetic tone. In the case of the blood vessels, for 
instance, cutting the sympathetic nerves results 
immediately in almost maximal vasodilatation. How¬ 
ever, over minutes, hours, days, or w^eeks, intrinsic tone 
in the smooth muscle of the vessels increases, usually 
eventually restoring almost normal vasoconstriction. 

Essentially the same events occur in most effector 
organs whenever sympathetic or parasympathetic 
tone is lost. That is, intrinsic compensation soon de¬ 
velops to return the function of the organ almost to its 
normal basal level. However, in the parasympathetic 
system, the compensation sometimes requires many 
months. For instance, loss of parasympathetic tone to 
the heart increases the heart rate to 160 beats/min in a 
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Fi^re 22 — 4. Effect of sympathectomy on blood flow in the arm 
and the effect of a test dose of norepinephrine before and after 
sympathectomy, show ing sensitization of the vasculature to nor¬ 
epinephrine. 


dog, and this will still be partially elevated 6 months 
later. 


DEiXERVATiOX SUPERSEXSiTTViTY OF 
SYMiPATHETIC AXD PARASYMPATHETIC 
ORGAXS FOLLOWIXG DEXERVATWX 

During the first week or so after a sympathetic or parasym¬ 
pathetic nerve is destroyed, the innervated organ becomes 
more and more sensitive to injected norepinephrine or ace¬ 
tylcholine, respectively. This effect is illustrated in Figure 
22-4, showing the blood flow in the forearm before removal 
of the sympathetics to be about 200 ml/min; a test dose of 
norepinephrine causes only a slight depression in flow. Then 
the stellate ganglion is removed, and normal sympathetic 
tone is lost. At first, the blood flow rises markedly because of 
the lost vascular tone, but over a period of days to weeks the 
blood flow returns almost to normal because of progressive 
increase in intrinsic tone of the vascular musculature itself, 
thus compensating for the loss of sympathetic tone. Another 
test dose of norepinephrine is then administered; and the 
blood flow decreases much more than before, illustrating 
that the blood vessels become about two to four times as 
responsive to norepinephrine as previously. This phenome¬ 
non is called denervation supersensitivity. It occurs in both 
sympathetic and parasympathetic organs and to a far greater 
extent in some organs than in others, often increasing the 
response more than tenfold. 

Mechanism of Denervation Supersensitivity. The cause 
of denervation supersensitivity is only partially known. Part 
of the answer is that the number of receptors in the postsyn- 
aptic membranes of the effector cells increases—sometimes 
manyfold — when norepinephrine or acetylcholine is no 
longer released at the synapses, a process called '"up-regula- 
tion" of the receptors. Therefore, when these hormones are 
injected temporarily into the circulating blood, the effector 
reaction is vastly enhanced. 


■ THE AUTO\OMIC REFLEXES 

Many of the visceral functions of the body are regulated by 
autonomic reflexes. Throughout this text the functions of 
these reflexes are discussed in relation to individual organ 


systems; but to illustrate their importance, a few are pre¬ 
sented here briefly. 

Cardiovascular Autonomic Reflexes. Several reflexes in 
the cardiovascular system help to control especially the arte¬ 
rial blood pressure and the heart rate. One of these is the 
baroreceptor reflex, which is described in Chapter 27 along 
with other cardiovascular reflexes. Briefly, stretch receptors 
called baroreceptors are located in the walls of the major ar¬ 
teries, including the carotid arteries and the aorta. When 
these become stretched by high pressure, signals are trans¬ 
mitted to the brain stem, where they inhibit the sympathetic 
impulses to the heart and blood vessels, which allows the 
arterial pressure to fall back toward normal. 

Gastrointestinal Autonomic Reflexes. The uppermost 
part of the gastrointestinal tract and also the rectum are con¬ 
trolled principally by autonomic reflexes. For instance, the 
smell of appetizing food or the presence of food in the mouth 
initiates signals from the nose and mouth to the vagal, glos¬ 
sopharyngeal, and salivary nuclei of the brain stem. These in 
turn transmit signals through the parasympathetic nerves to 
the secretory glands of the mouth and stomach, causing se¬ 
cretion of digestive juices even before food enters the mouth. 
And when fecal matter fills the rectum at the other end of the 
alimentary canal, sensory impulses initiated by stretching 
the rectum are sent to the sacral portion of the spinal cord, 
and a reflex signal is retransmitted through the parasympa- 
thetics to the distal parts of the colon; these result in strong 
peristaltic contractions that empty the bowel. 

Other Autonomic Reflexes. Emptying of the bladder is 
controlled in the same way as emptying the rectum; stretch¬ 
ing of the bladder sends impulses to the sacral cord, and this 
in turn causes contraction of the bladder as well as relaxation 
of the urinary sphincters, thereby promoting micturition. 

Also important are the sexual reflexes, which are initiated 
both by psychic stimuli from the brain and stimuli from the 
sexual organs. Impulses from these sources converge on the 
sacral cord and, in the male, result, first, in erection, mainly a 
parasympathetic function, and then in ejaculation, a sympa¬ 
thetic function. 

Other autonomic reflexes include reflex contributions to 
the regulation of pancreatic secretion, gallbladder emptying, 
kidney excretion of urine, sweating, blood glucose concen¬ 
tration, and many other visceral functions, all of which are 
discussed in detail at other points in this text. 


■ STIMULATIOIV OF DISCRETE 
ORGAi\S Ii\ SOME 
L\STAi\CES AIVD MASS 
STIMULATIOIV IIV OTHER 
IIVSTANCES BV THE 
SYMPATHETIC AIVD 
PARASYMPATHETIC 
SYSTEMS 

The Sympathetic System. In many instances, the 
sympathetic nervous system discharges almost as a 
complete unit, a phenomenon called mass discharge. 
This frequently occurs when the hypothalamus is acti¬ 
vated by fright or fear or severe pain. The result is a 
widespread reaction throughout the body called the 
alarm or stress response, which we shall discuss shortly. 
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However, at other times sympathetic activation 
occurs in isolated portions of the system. The most 
important of these are the following: (1) In the process 
of heat regulation, the sympathetics control sweating 
and blood flow in the skin without affecting other 
organs innervated by the sympathetics. (2) During 
muscular activity in some animals, specific cholinergic 
vasodilator fibers of the skeletal muscles are stimu¬ 
lated independently, apart from the remainder of the 
sympathetic system. (3) Many "local reflexes" involv¬ 
ing sensory afferent fibers that travel centrally in the 
sympathetic nerves to the sympathetic ganglia and spi¬ 
nal cord cause highly localized reflex responses. For 
instance, heating a local skin area causes local vaso¬ 
dilatation and enhanced local sweating, whereas cool¬ 
ing causes the opposite effects. (4) Many of the sympa¬ 
thetic reflexes that control gastrointestinal functions 
are very discrete, operating sometimes by way of nerve 
pathways that do not even enter the spinal cord, 
merely passing from the gut to the sympathetic gan¬ 
glia, mainly the prevertebral ganglia, and then back to 
the gut through the sympathetic nerves to control 
motor or secretory activity. 

The Parasympathetic System. In contrast to the 
sympathetic system, control functions of the parasym¬ 
pathetic system are much more likely to be highly spe¬ 
cific. For instance, parasympathetic cardiovascular re¬ 
flexes usually act only on the heart to increase or 
decrease its rate of beating. Likewise, other parasym¬ 
pathetic reflexes cause secretion mainly in the mouth 
glands, whereas in other instances secretion mainly in 
the stomach glands. Finally, the rectal emptying reflex 
does not affect other parts of the bowel to a major 
extent. 

Yet there is often association between closely allied 
parasympathetic functions. For instance, though sali¬ 
vary secretion can occur independently of gastric se¬ 
cretion, these two often also occur together, and pan¬ 
creatic secretion frequently occurs at the same time. 
Also, the rectal emptying reflex often initiates a blad¬ 
der emptying reflex, resulting in simultaneous empty¬ 
ing of both the bladder and rectum. Conversely, the 
bladder emptying reflex can help initiate rectal emp¬ 
tying. 

ALARM** OR ‘‘STRESS** RESPOASE 
OF THE SYMPATHETiC AERVOUS 
SYSTEM 

When large portions of the sympathetic nervous sys¬ 
tem discharge at the same time — that is, a mass 
discharge — this increases in many different ways the 
ability of the body to perform vigorous muscle activity. 
Let us quickly summarize these ways: 

1. Increased arterial pressure. 

2. Increased blood flow to active muscles concur¬ 
rent with decreased blood flow to organs such as the 
gastrointestinal tract and the kidneys that are not 
needed for rapid motor activity. 


3. Increased rates of cellular metabolism through¬ 
out the body. 

4. Increased blood glucose concentration. 

5. Increased glycolysis in the liver and in muscle. 

6. Increased muscle strength. 

7. Increased mental activity. 

8. Increased rate of blood coagulation. 

The sum of these effects permits the person to per¬ 
form far more strenuous physical activity than would 
otherwise be possible. Because it is mental or physical 
stress that usually excites the sympathetic system, it is 
frequently said that the purpose of the sympathetic 
system is to provide extra activation of the body in 
states of stress: this is often called the sympathetic 
stress response. 

The sympathetic system is especially strongly acti¬ 
vated in many emotional states. For instance, in the 
state of rage, which is elicited mainly by stimulating the 
hypothalamus, signals are transmitted downward 
through the reticular formation and spinal cord to 
cause massive sympathetic discharge, and all of the 
sympathetic events listed above ensue immediately. 
This is called the sympathetic alarm reaction. It is also 
frequently called the fight or flight reaction because an 
animal in this state decides almost instantly whether to 
stand and fight or to run. In either event, the sympa¬ 
thetic alarm reaction makes the animal's subsequent 
activities vigorous. 


MEDULLARY, PO\TL\E, AAD 
MESEAICEPHALIC CONTROL OF THE 
AUTOAOMIC lYERVOUS SYSTE3i 

Many areas in the reticular substance of the medulla, 
pons, and mesencephalon, as well as many special 
nuclei (Fig. 22-5), control different autonomic func¬ 
tions such as arterial pressure, heart rate, glandular 
secretion in the upper part of the gastrointestinal tract, 
gastrointestinal peristalsis, the degree of contraction of 
the urinary bladder, and many others. The control of 
each of these is discussed at appropriate points in this 
text. Suffice it to point out here that the most important 
factors controlled in the lower brain stem are arterial 
pressure, heart rate, and respiration. Indeed, transec¬ 
tion of the brain stem at the midpontine level allows 
normal basal control of arterial pressure to continue as 
before but prevents its modulation by higher nervous 
centers, particularly the hypothalamus. On the other 
hand, transection immediately below the medulla 
causes the arterial pressure to fall to about one-half 
normal for several hours or several days after the tran¬ 
section. 

Closely associated with the cardiovascular regula¬ 
tory centers in the medulla are the medullary and pon¬ 
tine centers for regulation of respiration, which are 
discussed in Chapter 27. Although this is not consid¬ 
ered to be an autonomic function, it is one of the invol¬ 
untary functions of the body. 
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Figure 22-5. Autonomic control areas of the brain stem and 
hypothalamus. 


Heat control 

Sympathetic \ Parasympathetic 



Urinary bladder control 
Pneumotaxic^ntet^ 

Cardiac acceleration 
and vasoconstriction'’ 

Cardiac slowing 
Respiratory centeTS 


,--Water balance 


Feeding control 
'''' Hypothalamus 
Adenohypophysis 
X Mamillary body 
'Pons 
''' Medulla 


Control of Lower Brain Stem Autonomic Centers 
by Higher Areas. Signals from the hypothalamus and 
even from the cerebrum can affect the activities of 
almost all the lower brain stem autonomic control 
centers. For instance, stimulation in appropriate areas 
of the hypothalamus can activate the medullary car¬ 
diovascular control centers strongly enough to in¬ 
crease the arterial pressure to more than double the 
normal. Likewise, other hypothalamic centers can 
control body temperature, increase or decrease saliva¬ 
tion and gastrointestinal activity, or cause bladder 
emptying. To some extent, therefore, the autonomic 
centers in the lower brain stem act as relay stations for 
control activities initiated at higher levels of the brain. 

In the previous two chapters it is pointed out that 
many of our behavioral responses are mediated 
through the hypothalamus, the reticular areas of the 
brain stem, and the autonomic nerv^ous system. In¬ 
deed, the higher areas of the brain can alter the func¬ 
tion of the whole autonomic nervous system or of 
portions of it strongly enough to cause severe auto¬ 
nomic-induced disease, such as peptic ulcer, constipa¬ 
tion, heart palpitation, and even heart attacks. 


Drugs That Cause Release of Norepinephrine From 
Nerve Endings. Certain drugs have an indirect sympatho¬ 
mimetic action rather than directly exciting adrenergic effec¬ 
tor organs. These drugs include ephedrine, tyramine, and am¬ 
phetamine. Their effect is to cause release of norepinephrine 
from its storage vesicles in the sympathetic nerve endings. 
The released norepinephrine in turn causes the sympathetic 
effects. 

Drugs That Block Adrenergic Activity. Adrenergic ac¬ 
tivity can be blocked at several different points in the stimu¬ 
latory process as follows: 

1. The synthesis and storage of norepinephrine in the 
sympathetic nerv^e endings can be prevented. The best 
known drug that causes this effect is reserpine. 

2. Release of norepinephrine from the sympathetic end¬ 
ings can be blocked. This is caused by guanethidine. 

3. The alpha receptors can be blocked. Two drugs that 
cause this effect are phenoxybenzamine and phentolamine. 

4. The beta receptors can be blocked. A drug that blocks 
all beta receptors is propranolol. One that blocks only betaj 
receptors is metoprolol. 

5. Sympathetic activity can be blocked by drugs that block 
transmission of nerv^e impulses through the autonomic gan¬ 
glia. These are discussed in a later section, but the most im¬ 
portant drug for blockade of both sympathetic and parasym¬ 
pathetic transmission through the ganglia is hexamethonium. 


■ PHARMACOLOGY OF THE AUTO\OMIC 
\ERVOt8 SYSTEM 

DRUGS THAT ACT 0\ ADREAERGIC 
EFFECTOR ORGAAS — THE 
SYHPATHOHIHETIC DRUGS 

From the foregoing discussion, it is obvious that intravenous 
injection of norepinephrine causes essentially the same ef¬ 
fects throughout the body as sympathetic stimulation. 
Therefore, norepinephrine is called a sympathomimetic, or 
adrenergic, drug. Epinephrine and methoxamine are also sym¬ 
pathomimetic drugs, and there are many others. These differ 
from each other in the degree to which they stimulate differ¬ 
ent s)Tnpathetic effector organs and in their durations of 
action. Norepinephrine and epinephrine have actions as 
short as 1 to 2 min, whereas the actions of most other com¬ 
monly used sympathomimetic drugs last 30 min to 2 hours. 

Important drugs that stimulate specific adrenergic recep¬ 
tors but not the others are phenylephrine —alpha receptors; 
isoproterenol —beta receptors; and albuterol —only beta 2 re¬ 
ceptors. 


DRUGS THAT ACT 0\ CHOLTXERGIC 
EFFECTOR ORGAAS 

Parasympathomimetic Drugs (Muscarinic Drugs). Ace¬ 
tylcholine injected intravenously usually does not cause ex¬ 
actly the same effects throughout the body as parasympa¬ 
thetic stimulation because the acetylcholine is destroyed by 
cholinesterase in the blood and body fluids before it can 
reach all the effector organs. Yet a number of other drugs 
that are not so rapidly destroyed can produce ty^jical para¬ 
sympathetic effects, and these are called parasympathomi¬ 
metic drugs. 

Two commonly used parasympathomimetic drugs are pi¬ 
locarpine and methacholine. These act directly on the musca¬ 
rinic type of cholinergic receptors. 

Parasympathomimetic drugs act on the effector organs of 
cholinergic sympathetic fibers also. For instance, these drugs 
cause profuse sweating. Also, they cause vascular dilatation 
in some organs, this effect occurring even in vessels not in- 
nerv'ated by cholinergic fibers. 

Drugs That Have a Parasympathetic Potentiating 
Effect—Anticholinesterase Drugs. Some drugs do not 
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have a direct effect on parasympathetic effector organs but 
do potentiate the effects of the naturally secreted acetylcho¬ 
line at the parasympathetic endings. These are the same 
drugs as those discussed in Chapter 25 that potentiate the 
effect of acetylcholine at the neuromuscular junction—that 
is, neostigmine, pyridostigmine, and ambenonium. These in¬ 
hibit acetylcholinesterase, thus preventing rapid destruction 
of the acetylcholine liberated by the parasympathetic nerve 
endings. As a consequence, the quantity of acetylcholine 
acting on the effector organs progressively increases with 
successive stimuli, and the degree of action also increases. 

Drugs That Block Cholinergic Activity at Effector 
Organs —Antimuscarinic Drugs. Atropine and similar 
drugs, such as homatropine and scopolamine, block the action 
of acetylcholine on the muscarinic type of cholinergic effec¬ 
tor organs. How^ever, these drugs do not affect the nicotinic 
action of acetylcholine on the postganglionic neurons or on 
skeletal muscle. 


DRUGS THAT STIMULATE OR BLOCK 
SYMPATHETIC AAD PARASYMPATHETIC 
POSTGAYGLIOATC AEUROAS 

Drugs That Stimulate Autonomic Ganglia. The pregan¬ 
glionic neurons of both the parasympathetic and sympa¬ 
thetic nervous systems secrete acetylcholine at their endings, 
and this acetylcholine in turn stimulates the postganglionic 
neurons. Furthermore, injected acetylcholine can also stimu¬ 
late the postganglionic neurons of both systems, thereby 
causing at the same time both sympathetic and parasympa¬ 
thetic effects throughout the body. Nicotine is a drug that can 
also stimulate postganglionic neurons in the same manner as 
acetylcholine because the membranes of these neurons all 
contain the nicotinic type of acetylcholine receptor. Therefore, 
drugs that cause autonomic effects by stimulating the post¬ 
ganglionic neurons are frequently called nicotinic drugs. 
Some drugs, such as acetylcholine itself and methacholine, 
have both nicotinic and muscarinic actions, whereas pilocar¬ 
pine has only muscarinic actions. 

Nicotine excites both the sympathetic and parasympa¬ 
thetic postganglionic neurons at the same time, resulting 
in strong sympathetic vasoconstriction in the abdominal 
organs and limbs, but at the same time resulting in parasym¬ 
pathetic effects, such as increased gastrointestinal activity 
and, sometimes, slowing of the heart. 

Ganglionic Blocking Drugs. Many important drugs block 
impulse transmission from the preganglionic neurons to the 
postganglionic neurons, including tetraethyl ammonium ion, 
hexamethonium ion, and pentolinium. These inhibit impulse 
transmission in both the sympathetic and parasympathetic 
systems simultaneously. They are often used for blocking 
sympathetic activity but rarely for blocking parasympathetic 
activity, because the sympathetic blockade usually far over¬ 
shadows the effects of parasympathetic blockade. The gan¬ 
glionic blocking drugs can especially reduce the arterial pres¬ 
sure in patients with hypertension, but these drugs are not 
very useful for this purpose because their effects are difficult 
to control. 
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Cerebral Blood Ffon^ the 
Cerebrospinal Fluids and 
Brain Metabolism 


Thus far, we have discussed the function of the brain 
as if it were independent of its blood flow, its metabo¬ 
lism, and its fluids. However, this is far from the truth, 
for abnormalities of any of these can profoundly affect 
brain function. For instance, total cessation of blood 
flow to the brain causes unconsciousness within 5 to 
10 sec. This is true because lack of oxygen delivery to 
the brain cells shuts down most of their metabolism. 
Also, on a longer time scale, abnormalities of the cere¬ 
brospinal fluid, either in its composition or in its fluid 
pressure, can have equally severe effects on brain 
function. 


■ CEREBRAL BLOOD FLOW 

\OBltAL RATE OF CEREBRAL BLOOD 
FLOW 

The normal blood flow through the brain tissue of the 
adult averages 50 to 55 mL/100 g of brain/min. For 
the entire brain, this is approximately 750 mL/min, or 
15 per cent of the total resting cardiac output. 


REGCLATIOX OF CEREBRAL BLOOD 
FLOW 

Metabolic Control of Flow 

As in most other vascular areas of the body, cerebral 
blood flow is highly related to the metabolism of the 
cerebral tissue. At least three different metabolic fac¬ 
tors have potent effects in controlling cerebral blood 
flow. These are carbon dioxide concentration, hydro¬ 
gen ion concentration, and oxygen concentration. An 
increase in either the carbon dioxide or the hydro¬ 
gen ion concentration increases cerebral blood flow. 


whereas a decrease in oxygen concentration increases 
the flow. 

Regulation of Cerebral Blood Flow in Response to 
Excess Carbon Dioxide or Hydrogen Ion Concentra¬ 
tion. An increase in carbon dioxide concentration in 
the arterial blood perfusing the brain greatly increases 
cerebral blood flow. This is illustrated in Figure 23-1, 
which shows that a 70 per cent increase in arterial PCO 2 
approximately doubles the blood flow. 

Carbon dioxide is believed to increase cerebral blood 
flow almost entirely by combining first with water in 
the body fluids to form carbonic acid, with subsequent 
dissociation to form hydrogen ions. The hydrogen ions 
then cause vasodilatation of the cerebral vessels—the 
dilatation being almost directly proportional to the in¬ 
crease in hydrogen ion concentration. 

Any other substance that increases the acidity of the 
brain tissue, and therefore also increases the hydrogen 
ion concentration, increases blood flow as well. Such 
substances include lactic acid, pyruvic acid, and any 
other acidic material formed during the course of me¬ 
tabolism. 

Importance of the Carbon Dioxide and Hydrogen 
Control of Cerebral Blood Flow. Increased hydrogen 
ion concentration greatly depresses neuronal activity. 
Therefore, it is fortunate that an increase in hydrogen 
ion concentration causes an increase in blood flow, 
which in turn carries both carbon dioxide and other 
acidic substances away from the brain tissues. Loss of 
the carbon dioxide removes carbonic acid from the 
tissues; and this, along with the removal of other acids, 
reduces the hydrogen ion concentration back toward 
normal. Thus, this mechanism helps maintain a con¬ 
stant hydrogen ion concentration in the cerebral fluids 
and thereby helps to maintain the normal level of neu¬ 
ronal activity. 

Oxygen Deficiency as a Regulator of Cerebral 
Blood Flow. Except during periods of intense brain 
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Figure 23 — 1. Relationship between arterial PCO 2 and cerebral 
blood flow. 


activity, the utilization of oxygen by the brain tissue 
remains within very narrow limits—within a few per¬ 
centage points of 3.5 mL of oxygen per 100 g of brain 
tissue per minute. If the blood flow to the brain ever 
becomes insufficient and cannot supply this needed 
amount of oxygen, the oxygen deficiency mechanism 
for causing vasodilatation, which functions in essen¬ 
tially all tissues of the body, immediately causes vaso¬ 
dilatation, returning the blood flow and transport of 
oxygen to the cerebral tissues to near normal. Thus, 
this local blood flow regulatory mechanism is much 
the same in the brain as in the coronary and skeletal 
muscle circulation and in many other circulatory areas 
of the body. 

Experiments have shown that a decrease in cerebral 
tissue P 02 below approximately 30 mm Hg (normal 
value is 35 to 40 mm Hg) will begin to increase cerebral 
blood flow. This is very fortuitous because brain func¬ 
tion becomes deranged at not much lower values of 
P 02 , especially so at P 02 levels below 20 mm Hg. Even 
coma can result at these low levels. Thus, the oxygen 
mechanism for local regulation of cerebral blood flow 
is also a very important protective response against 
diminished cerebral neuronal activity and, therefore, 
against derangement of mental capability. 

Measurement of Cerebral Blood Flow and Effect 
of Cerebral Activity on the Flow. A method has re¬ 
cently been developed to record blood flow in as many 
as two hundred fifty-six isolated segments of the 
human cerebral cortex simultaneously. A radioactive 
substance, usually radioactive xenon, is injected into 
the carotid artery; then the radioactivity of each seg¬ 
ment of the cortex is recorded as the radioactive sub¬ 
stance passes through the brain tissue. For this to be 
done, 256 small radioactive scintillation detectors are 
focused on the same number of separate parts of the 
cortex; the rapidity of decay of the radioactivity after it 
once peaks in each tissue segment is a direct measure of 
the rate of blood flow through the segment. 

With this technique, it has become clear that the 
blood flow in each individual segment of the brain 


changes within seconds in response to changes in local , 
neuronal activity. For instance, simply making a fist of | 
the hand causes an immediate increase in blood flow in 
the motor cortex of the opposite side of the brain. Or, 
reading a book increases the blood flow in multiple 
areas of the brain, especially in the occipital cortex and 
in the language areas of the temporal cortex. This 
measuring procedure can also be used for localizing 
the origin of epileptic attacks, for the blood flow in¬ 
creases acutely and markedly at the focal point of the i 
attack at its onset. , 

Illustrating the effect of local neuronal activity on 
cerebral blood flow. Figure 23-2 shows an increase in 
occipital blood flow recorded in a cat when intense 
light was shone into its eyes for a period of 0.5 min. 

Autoregulation of Cerebral Blood Flow When the 
Arterial Pressure Is Changed. Cerebral blood flow is I 
autoregulated extremely well between the pressure 
limits of 60 and 140 mm Hg. That is, the arterial pres- \ 
sure can be decreased acutely to as low as 60 mm Hg or 1 
increased to as high as 140 mm Hg without a signifi- I 
cant change in cerebral blood flow. In persons who , 
have hypertension, this autoregulatory range shifts to . 
even higher pressure levels, up to as high as 180 to 200 ' 

mm Hg. This effect is illustrated in Figure 23 - 3, which 
shows cerebral blood flows measured both in normal 
human beings and in hypertensive patients. Note the 
extreme constancy of cerebral blood flow between the 
limits of 60 and 180 mm Hg mean arterial pressure. On 
the other hand, if the arterial pressure does fall below 
60 mm Hg, cerebral blood flow then becomes severely 
compromised, and if the pressure rises above the 
upper limit of autoregulation, the blood flow rises rap¬ 
idly and can cause severe overstretching of the cerebral 
blood vessels, sometimes resulting in serious brain 
edema. 


The cerebral circulatory system has a strong sympa¬ 
thetic innervation that passes upward from the supe¬ 
rior cervical sympathetic ganglia along with the cere¬ 
bral arteries. This innervation supplies both the large 



Figure 23 — 2. Increase in blood flow to the occipital regions of 
the brain when a light is flashed in the eyes of an animal. 


Role of the Si^pathetic IVeri^ous System 
in Regulating Cerebral Blood Flow 
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Fi^re 23 — 3. Relationship of mean arterial pressure to cerebral 
blood flow in normotensive, hypotensive, and hypertensive per¬ 
sons. (Modified from Lassen: Physiol. Rev., 39:183, 1959.) 


superficial arteries and the small arteries that penetrate 
into the substance of the brain. However, neither tran¬ 
section of these sympathetic nerves nor mild to moder¬ 
ate stimulation of them normally causes significant 
change in the cerebral blood flow. Therefore, it has 
long been stated that the sympathetic nerves play es¬ 
sentially no role in regulating cerebral blood flow. 

However, recent experiments have shown that cere¬ 
bral sympathetic stimulation can, under some condi¬ 
tions, become activated strongly enough to constrict 
the cerebral arteries markedly. The reason that this 
usually does not occur is that the local blood flow 
autoregulatory mechanism is so powerful that it nor¬ 
mally compensates almost entirely for the effects of 
the sympathetic stimulation. Yet in those conditions in 
which the autoregulatory mechanism fails to compen¬ 
sate enough, sympathetic control of cerebral blood 
flow becomes quite important. For instance, when the 
arterial pressure rises to a very high level during stren¬ 
uous exercise and during other states of excessive cir¬ 
culatory activity, the sympathetic nervous system con¬ 
stricts the large and intermediate-sized arteries and 
prevents the very high pressures from ever reaching 
the smaller blood vessels. Experiments have shown 
that this is important in preventing the occurrence of a 
vascular hemorrhage into the brain — that is, for pre¬ 
venting the occurrence of cerebral stroke. 

Also, sympathetic reflexes are believed to cause va¬ 
sospasm in the intermediate and large arteries in some 
instances of brain damage, such as after a cerebral 
stroke has occurred or in patients with a subdural he¬ 
matoma or brain tumor. 


THE CEREBRAL HiCROCMRCVLATIOX 

As in almost all other tissues of the body, the density of 
the blood capillaries in the brain is greatest where the 
metabolic needs are greatest. The overall metabolic 
rate of the brain gray matter, where the neuronal cell 
bodies lie, is about four times as great as that of white 
matter; correspondingly, the number of capillaries and 


rate of blood flow are also about four times as great in 
the gray matter. 

Another important structural characteristic of the 
brain capillaries is that they are much less ''leaky" than 
the capillaries in almost any other tissue of the body. 
Most importantly, the capillaries are supported on all 
sides by '"glial feet," which are small projections from 
the surrounding glia that abut against all surfaces of 
the capillaries and provide physical support to prevent 
overstretching of the capillaries in case of high pres¬ 
sure. In addition, the walls of the small arterioles lead¬ 
ing to the brain capillaries become greatly thickened in 
persons who develop high blood pressure, and these 
arterioles remain significantly constricted all of the 
time to prevent transmission of the high pressure to the 
capillaries. We shall see later in the chapter that when¬ 
ever these systems for protecting against transudation 
of fluid into the brain break down, serious brain edema 
ensues, which can lead rapidly to coma and death. 


■ THE CEREBR08PIIVAL FLUID 
SYSTEM 

The entire cavity enclosing the brain and spinal cord 
has a volume of approximately 1600 mL, and about 
150 mL of this volume is occupied by cerebrospinal 
fluid. This fluid, as shown in Figure 23-4, is found in 
the ventricles of the brain, in the cisterns around the 
brain, and in the subarachnoid space around both the 
brain and the spinal cord. All these chambers are con¬ 
nected with each other, and the pressure of the fluid is 
regulated at a constant level. 


CVSHMOiXIIMG FVMCTiOiX OF THE 
CEREBROSPIiXAL FLViD 

A major function of the cerebrospinal fluid is to cush¬ 
ion the brain within its solid vault. Fortunately, the 
brain and the cerebrospinal fluid have approximately 



Third 

ventricle 


Aqueduct 
of Sylvius 


Luschka 


Lateral 

ventricle 


Foramen 
of Monro 


Arachnoidal 

villi 


Choroid 

plexuses 


Tentorium 

cerebelli 


Fourth 

ventricle 


Foramen of 
Magendie 


Figure 23 — 4. Pathway of cerebrospinal fluid flow’ from the cho¬ 
roid plexuses in the lateral ventricles to the arachnoidal villi pro¬ 
truding into the dural sinuses. 
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the same specific gravity (only about 4 per cent differ¬ 
ent), so that the brain simply floats in the fluid. There¬ 
fore, a blow to the head moves the entire brain simulta¬ 
neously, causing no one portion of the brain to be 
momentarily contorted by the blow. 

Contrecoup. When a blow to the head is extremely 
severe, it usually does not damage the brain on the side 
of the head where the blow is struck, but, instead, on 
the opposite side. This phenomenon is known as 
"contrecoup," and the reason for this effect is the fol¬ 
lowing: V/hen the blow is struck, the fluid on the struck 
side is so incompressible that, as the skull moves, the 
fluid pushes the brain at the same time. However, on 
the opposite side, the sudden movement of the skull 
causes it to pull away from the brain momentarily be¬ 
cause of the brain's inertia, creating for a split second a 
vacuum space in the cranial vault at this point. Then, 
when the skull is no longer being accelerated by the 
blow, the vacuum suddenly collapses and the brain 
strikes the inner surface of the skull. Because of this 
effect, the damage to the brain of a boxer usually does 
not occur in the frontal regions but, instead, in the 
occipital regions. 


FORMATION, FLOW, AAD 
ABSORPTION OF CEREBROSPINAL 
FLUID 

Cerebrospinal fluid is formed at a rate of approxi¬ 
mately 500 mL each day, which is about three times as 
much as the total volume of fluid in the entire cerebro¬ 
spinal fluid system. Probably two thirds or more of this 
fluid originates as a secretion from the choroid plex¬ 
uses in the four ventricles, mainly in the two lateral 
ventricles. Additional amounts of fluid are secreted by 
all the ependymal surfaces of the ventricles and the 
arachnoidal membranes, and a small amount comes 
from the brain itself through the perivascular spaces 
that surround the blood vessels entering the brain. 

The arrows in Figure 23-4 show the main channel 
of fluid flow from the choroid plexuses and then 
through the cerebrospinal fluid system. The fluid se¬ 
creted in the lateral ventricles and the third ventricle 
passes along the aqueduct of Sylvius into the fourth 
ventricle, where a small amount of additional fluid is 
added. It then passes out of the fourth ventricle 
through three small openings, two lateral foramina of 
Luschka and a midline foramen of Magendie, entering 
the cistema magna, a large fluid space that lies behind 
the medulla and beneath the cerebellum. The cistema 
magna is continuous with the subarachnoid space that 
surrounds the entire brain and spinal cord. Almost all 
of the cerebrospinal fluid then flows upward through 
this space toward the cerebmm. From the cerebral sub¬ 
arachnoid spaces, the fluid flows into multiple arach¬ 
noidal villi that project into the large sagittal venous 
sinus and other venous sinuses. Finally, the fluid emp¬ 
ties into the venous blood through the surfaces of these 
villi. 

Secretion by the Choroid Plexus. The choroid 


plexus, which is illustrated in Figure 23-5, is a cauli¬ 
flower-like growth of blood vessels covered by a thin 
layer of epithelial cells. This plexus projects into (1) the 
temporal horn of each lateral ventricle, (2) the poste¬ 
rior portion of the third ventricle, and (3) the roof of the 
fourth ventricle. 

The secretion of fluid by the choroid plexus depends 
mainly on active transport of sodium ions through the 
epithelial cells that line the outer surfaces of the plexus. 
The sodium ions in turn pull along large amounts of 
chloride ions as well because the positive charge of the 
sodium ion attracts the chloride ion's negative charge. 
The tw^o of these together increase the quantity of os- 
motically active substances in the cerebrospinal fluid, 
w^hich then causes almost immediate osmosis of water 
through the membrane, thus providing the fluid of the 
secretion. Less important transport processes move 
small amounts of glucose into the cerebrospinal fluid 
and both potassium and bicarbonate ions out of the 
cerebrospinal fluid into the capillaries. Therefore, the 
resulting characteristics of the cerebrospinal fluid be¬ 
come approximately the following: osmotic pressure, 
approximately equal to that of plasma; sodium ion 
concentration, also approximately equal to that of 
plasma; chloride, about 15 per cent greater than in 
plasma; potassium, approximately 40 per cent less; 
and glucose, about 30 per cent less. 

Absorption of Cerebrospinal Fluid Through the 
Arachnoidal Villi. The arachnoidal villi are micro¬ 
scopic fingerlike projections of the arachnoidal mem¬ 
brane through the walls of the venous sinuses. Large 
conglomerates of these villi are usually found together 
and form macroscopic structures called arachnoidal 
granulations that can be seen protruding into the si¬ 
nuses. The endothelial cells covering the villi have 
been showm by electron microscopy to have large ve- 



Figure 23-5. The choroid plexus. (Modified from Clara: Das 
Xer\’ensystem des Menschen. Barth.) 
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sicular holes directly through the bodies of the cells. It 
has been proposed that these are large enough to allow 
relatively free flow of cerebrospinal fluid, protein mol¬ 
ecules, and even particles as large as red blood cells 
into the venous blood. 

The Perivascular Spaces and Cerebrospinal Fluid. 
The blood vessels entering the substance of the brain 
pass first along the surface of the brain and then pene¬ 
trate inward, carrying a layer of pia mater, the mem¬ 
brane that covers the brain, with them, as shown in 
Figure 23-6. The pia is only loosely adherent to the 
vessels, so that a space, the perivascular space, exists 
between it and each vessel. Perivascular spaces follow 
both the arteries and the veins into the brain as far as 
the arterioles and venules but not to the capillaries. 

The Lymphatic Function of the Perivascular 
Spaces, As is true elsewhere in the body, a small 
amount of protein leaks out of the parenchymal capil¬ 
laries into the interstitial spaces of the brain; and be¬ 
cause no true lymphatics are present in brain tissue, 
this protein leaves the tissue mainly through the peri¬ 
vascular spaces but partly also by direct diffusion 
through the pia mater into the subarachnoid spaces. 
On reaching the subarachnoid spaces, the protein 
flows along with the cerebrospinal fluid to be absorbed 
through the arachnoidal villi into the cerebral veins. 
Therefore, the perivascular spaces, in effect, are a 
modified lymphatic system for the brain. 

In addition to transporting fluid and proteins, the 
perivascular spaces also transport extraneous particu¬ 
late matter from the brain into the subarachnoid space. 
For instance, whenever infection occurs in the brain, 
dead white blood cells are carried away through the 
perivascular spaces. 


CEREBROSPIIVAL FLUID PRESSURE 

The normal pressure in the cerebrospinal fluid system 
when one is lying in a horizontal position averages 130 
mm HjO (10 mm Hg), though this may be as low as 70 
mm HjO or as high as 180 mm H 2 O even in the normal 
person. These values are considerably more positive 
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Figure 23 — 6. Drainage of the perivascular spaces into the sub¬ 
arachnoid space. (From Ranson and Clark: Anatomy of the Ner¬ 
vous System. Philadelphia, VV. B. Saunders Company, 1959.) 


than the — 3 to ~ 5 mm Hg pressure in the interstitial 
spaces of the subcutaneous tissue. 

Regulation of Cerebrospinal Fluid Pressure by 
the Arachnoidal Villi. The cerebrospinal fluid pres¬ 
sure is regulated almost entirely by absorption of the 
fluid through the arachnoidal villi. The reason for this 
is that the rate of cerebrospinal fluid formation is very 
constant, so that this is rarely a factor in pressure con¬ 
trol. On the other hand, the villi function like 'Valves" 
that allow the fluid and its contents to flow readily into 
the venous blood of the sinuses while not allowing the 
blood to flow backward in the opposite direction. Nor¬ 
mally, this valve action of the villi allows cerebrospinal 
fluid to begin to flow into the blood when its pressure 
is about 1.5 mm Hg greater than the pressure of the 
blood in the sinuses. Then, as the cerebrospinal fluid 
pressure rises still higher, the valves open very widely 
so that, under normal conditions, the pressure almost 
never rises more than a few millimeters of mercury 
more than the pressure in the venous sinuses. 

On the other hand, in disease states the villi some¬ 
times become blocked by large particulate matter, by 
fibrosis, or even by excesses of plasma protein mole¬ 
cules that have leaked into the cerebrospinal fluid in 
brain diseases. Such blockage can cause very high 
cerebrospinal fluid pressure, as we discuss later. 

Cerebrospinal Fluid Pressure in Pathological 
Conditions of the Brain. Often a large brain tumor 
elevates the cerebrospinal fluid pressure by decreasing 
the rate of absorption of fluid. For instance, if the 
tumor is above the tentorium and becomes so large 
that it compresses the brain downward, the upward 
flow of fluid through the subarachnoid space around 
the brain stem where it passes through the tentorial 
opening may become blocked and the absorption of 
fluid by the cerebral arachnoidal villi may become 
greatly curtailed. As a result, the cerebrospinal fluid 
pressure can rise to as high as 500 mm H 2 O (37 mm Hg) 
or more. 

The pressure also rises considerably when hemor¬ 
rhage or infection occurs in the cranial vault. In both of 
these conditions, large numbers of cells suddenly ap¬ 
pear in the cerebrospinal fluid, and these can cause 
serious blockage of the small channels for absorption 
through the arachnoidal villi. This sometimes elevates 
the cerebrospinal fluid pressure to as high as 400 to 600 
mm H 2 O (about four times normal). 

Occasionally babies are born with high cerebro¬ 
spinal fluid pressure. This is usually caused by abnor¬ 
mally high resistance to fluid reabsorption through the 
arachnoidal villi, resulting either from too few arach¬ 
noidal villi or villi with abnormal absorptive proper¬ 
ties. This is discussed later in connection with hydro¬ 
cephalus. 

THE BLOOD-CEREBROSPUSAL FLUID 
AIMD BLOOD-BRAI\ BARRIERS 

It has already been pointed out that the constituents of 
the cerebrospinal fluid are not exactly the same as 
those of the extracellular fluid elsewhere in the body. 
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Furthermore, many large molecular substances hardly 
pass at all from the blood into the cerebrospinal fluid or 
into the interstitial fluids of the brain even though 
these same substances pass readily into the usual in¬ 
terstitial fluids of the body. Therefore, it is said that 
barriers, called the blood-cerebrospinal fluid barrier and 
the blood-brain barrier, exist between the blood and the 
cerebrospinal fluid and brain fluid, respectively. These 
barriers exist both in the choroid plexus and at the 
tissue capillary membranes in essentially all areas of 
the brain parenchyma except in some areas of the hypo¬ 
thalamus, the pineal gland, and the area postrema, 
where substances diffuse with ease into the tissue 
spaces. This ease of diffusion is very important be¬ 
cause these areas of the brain have sensory organs that 
respond to different changes in the body fluids, such as 
changes in osmolality, glucose concentration, and so 
forth; these responses provide the signals for feedback 
regulation of each of the factors. 

In general, the blood-cerebrospinal fluid and blood- 
brain barriers are highly permeable to water, carbon 
dioxide, oxygen, and most lipid-soluble substances 
such as alcohol and most anesthetics; slightly perme¬ 
able to the electrolytes, such as sodium, chloride, and 
potassium; and almost totally impermeable to plasma 
proteins and many large organic molecules. Therefore, 
the blood-cerebrospinal fluid and blood-brain barriers 
often make it impossible to achieve effective concen¬ 
trations of either protein antibodies or some non¬ 
lipid-soluble drugs in the cerebrospinal fluid or paren¬ 
chyma of the brain. 

The cause of the low permeability of the blood-cere¬ 
brospinal fluid and blood-brain barriers is the manner 
in which the endothelial cells of the capillaries are 
joined to each other. They are joined by so-called tight 
junctions. That is, the membranes of the adjacent endo¬ 
thelial cells are almost fused with each other, rather 
than having slit-pores between them, as is the case in 
most other capillaries of the body. 

Diffusion Between the Cerebrospinal Fluid and 
the Brain Interstitial Fluid. The surfaces of the ven¬ 
tricles are lined with a thin cuboidal epithelium called 
the ependyma and the cerebrospinal fluid on the outer 
surfaces of the brain is separated from the brain tissue 
by a thin membrane called the pia mater. Both the 
ependyma and the pia mater are extremely permeable 
so that almost all substances that enter the cerebro¬ 
spinal fluid can also diffuse readily into the surface 
areas of the brain interstitial fluid. Or, likewise, sub¬ 
stances in the interstitial fluid can diffuse in the other 
direction as well. Therefore, some drugs that have no 
effect at all on the brain when introduced into the 
blood stream nevertheless can have important effects 
on the brain when injected into the cerebrospinal fluid. 


BRAjy EDEMA 

One of the most serious complications of abnormal 
cerebral hemodynamics and fluid dynamics is the de¬ 
velopment of brain edema. Because the brain is en¬ 


cased in a solid vault, the accumulation of edema fluid 
compresses the blood vessels, with eventual depres¬ 
sion of blood flow and destruction of brain tissue. 

The usual cause of brain edema is either greatly in¬ 
creased capillary pressure or damage to the capillary 
wall. One cause of excessively high capillary pressure 
is a sudden increase in the cerebral blood pressure to 
levels too high for the autoregulatory mechanism to 
cope with. However, the most common cause is brain 
concussion, in which the brain tissues and capillaries 
are traumatized and capillary fluid leaks into the trau¬ 
matized tissues. Once brain edema begins, it often ini¬ 
tiates two vicious circles because of the following posi¬ 
tive feedback: (1) Edema compresses the vasculature. 
This in turn decreases the blood flow and causes brain 
ischemia. The ischemia causes arteriolar dilatation 
with increased capillary pressure. The increased capil¬ 
lary pressure then causes more edema fluid, so that the 
edema becomes progressively worse. (2) The de¬ 
creased blood flow decreases oxygen delivery. This 
increases the permeability of the capillaries, allowing 
more fluid leakage. It also turns off the sodium pumps 
of the tissue cells, thus allowing these to swell. 

Once these two vicious circles have begun, heroic 
measures must be used to prevent total destruction of 
the brain. One such measure is to infuse intravenously 
a concentrated osmotic substance, such as a very con¬ 
centrated mannitol solution. This pulls fluid by os¬ 
mosis from the brain tissue and breaks up the vicious 
circle. Another procedure is to remove fluid quickly 
from the lateral ventricles of the brain via ventricular 
puncture, thereby relieving the intracerebral pressure. 


■ BRAIi\ METABOLISM 

Like other tissues, the brain requires oxygen and solid 
nutrients to supply its metabolic needs. However, 
there are special peculiarities of brain metabolism that 
need to be mentioned. 

Total Metabolic Rate and Metabolic Rate of Neu¬ 
rons. Under resting conditions, the metabolism of the 
brain accounts for about 15 per cent of the total metab¬ 
olism in the body, even though the mass of the brain is 
only 2 per cent of the total body mass. Therefore, 
under resting conditions brain metabolism is about 7V2 
times the average metabolism in the rest of the body. 

Most of this excess metabolism of the brain occurs in 
the neurons, not in the glial supportive tissues. The 
major need for metabolism in the neurons is to pump 
ions through their membranes, mainly to transport so¬ 
dium and calcium ions to the outside of the neuronal 
membrane and potassium and chloride ions to the in¬ 
terior. Each time a neuron conducts an action poten¬ 
tial, these ions move through the membranes, increas¬ 
ing the need for membrane transport to restore the 
proper ionic concentrations. Therefore, during exces¬ 
sive brain activity, neuronal metabolism can increase 
several times. 

Special Requirement of the Brain for Oxygen — 
Lack of Significant Anaerobic Metabolism. Most tis- 
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sues of the body can go without oxygen for several 
minutes and some as long as a half hour. During this 
time the tissue cells obtain their energy through the 
processes of anaerobic metabolism, which means the 
release of energy by partial breakdown of glucose and 
glycogen but without combining with oxygen. This 
delivers energy only at the expense of consuming tre¬ 
mendous amounts of glucose and glycogen. However, 
it does keep the tissues functioning. 

Unfortunately, the brain is not capable of much an¬ 
aerobic metabolism. One of the reasons for this is the 
very high metabolic rate of the neurons, so that far 
more energy is required by each brain cell than is re¬ 
quired in most tissues. An additional reason is that the 
amount of glycogen stored in the neurons is very 
slight. The stores of oxygen in brain tissues are also 
slight. Therefore, neuronal activity depends on sec¬ 
ond-by-second delivery of oxygen from the blood. 

Putting these various factors together, one can un¬ 
derstand why a sudden cessation of blood flow to the 
brain or a sudden lack of oxygen in the blood can cause 
unconsciousness within 5 to 10 sec. 

Under Normal Conditions, Most Brain Energy Is 
Supplied by Glucose. Under normal conditions, al¬ 
most all of the energy used by the brain cells is supplied 
by glucose derived from the blood. As is true for oxy¬ 
gen, most of this is derived minute by minute and 
second by second from the capillary blood, with a total 
of only about a 2-min supply of glucose normally 
stored as glycogen in the neurons at any given time. 

A special feature of glucose delivery to the neurons 
is that its transport into the neurons through the cell 
membrane is not dependent on insulin, as is true for 
almost all other tissue cells. Therefore, even in patients 
who have serious diabetes with essentially zero secre¬ 
tion of insulin, glucose still diffuses reaily into the 
neurons — which is most fortunate in preventing loss 
of mental funcrion in diabetic patients. However, 
when a diabetic patient is overtreated with insulin, the 
blood glucose concentration can sometimes fall ex¬ 
tremely low, because the excess insulin causes almost 


all of the glucose in the blood to be transported rapidly 
into the insulin-sensitive nonneural cells throughout 
the body. When this happens, not enough glucose is 
left in the blood to supply the neurons, and mental 
function does then become seriously deranged, lead¬ 
ing sometimes to coma but more often to mental imbal¬ 
ances and psychotic disturbances. 
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Contraction of Skeletal 
Muscle 


Because the nervous system is the major overall con¬ 
troller of our bodily activities, it is equally as important 
to understand the ways in which the nervous system 
interfaces with the peripheral parts of the body as it is 
to understand the nervous system itself. Therefore, the 
remaining chapters of this text will help to explain the 
many ways in which the nervous system controls all 
our muscular activities as well as what we call the 
vegetative functions of the body, meaning the life pro¬ 
cesses of the body, such as the control of arterial pres¬ 
sure, respiration, gastrointestinal function, body tem¬ 
perature, and even sexual functions. 

The present chapter will address skeletal muscle. 
Approximately 40 per cent of the body is skeletal mus¬ 
cle, and almost another 10 per cent is smooth and 
cardiac muscle. Many of the same principles of con¬ 
traction and control by the nervous system apply to all 
these different types of muscle, but the specialized 
functions of smooth muscle are discussed in Chapter 
25 and cardiac muscle in Chapter 26. 

■ PHYSIOLOGIC AIVATOMY OF 
SKELETAL MUSCLE 

THE SKELETAL 31VSCLE FIBER 

Figure 24-1 illustrates the organization of skeletal 
muscle, showing that all skeletal muscles are made of 
numerous fibers ranging between 10 and 80 fim in 
diameter. Each of these fibers in turn is made up of 
successively smaller subunits, also illustrated in Figure 
24-1, that are described in subsequent paragraphs. 

In most muscles the fibers extend the entire length of 
the muscle; except for about 2 per cent of the fibers, 
each is innervated by only one nerve ending, located 
near the middle of the fiber. 

The Sarcolemma. The sarcolemma is the cell mem¬ 
brane of the muscle fiber. However, the sarcolemma 
consists of a true cell membrane, called the plasma 
membrane, and an outer coat made up of a thin layer of 


polysaccharide material containing numerous thin 
collagen fibrils. At the end of the muscle fiber, this 
surface layer of the sarcolemma fuses with a tendon 
fiber, and the tendon fibers in turn collect into bundles 
to form the muscle tendons and thence insert into the 
bones. 

Myofibrils; Actin and Myosin Filaments. Each 
muscle fiber contains several hundred to several thou¬ 
sand myofibrils, which are illustrated by the many 
small open dots in the cross-sectional view of Figure 
24-1C. Each myofibril (Figure 24-ID and E) in turn 
has, lying side-by-side, about 1500 myosin filaments 
and 3000 actin filaments, which are large polymerized 
protein molecules that are responsible for muscle con¬ 
traction. These can be seen in longitudinal view in 
the electron micrograph of Figure 24-2 and are rep¬ 
resented diagrammatically in Figure 24-1, parts E 
through L. The thick filaments in the diagrams are 
myosin, and the thin filaments are actin. 

Note that the myosin and actin filaments partially 
interdigitate and thus cause the myofibrils to have al¬ 
ternate light and dark bands. The light bands contain 
only actin filaments and are called I bands because they 
are isotropic to polarized light. The dark bands contain 
the myosin filaments as well as the ends of the actin 
filaments where they overlap the myosin and are 
called A bands because they are anisotropic to polarized 
light. Note also the small projections from the sides of 
the myosin filaments. These are called cross-bridges. 
They protrude from the surfaces of the myosin fila¬ 
ments along the entire extent of the filament except in 
the very center. It is interaction between these cross¬ 
bridges and the actin filaments that causes contraction. 

Figure 24-IE also shows that the ends of the actin 
filaments are attached to a so-called Z disc. From this 
disc, these filaments extend in both directions to inter¬ 
digitate with the myosin filaments. The Z disc, which 
itself is composed of filamentous proteins different 
from the actin and myosin filaments, passes from 
myofibril to myofibril, attaching the myofibrils to each 
other all the way across the muscle fiber. Therefore, 
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Figure 24 — 1. Organization of skeletal muscle, 
from the gross to the molecular level. F, G, H, and / 
are cross-sections at the levels indicated. (Drawing 
by Sylvia Colard Keene. Modified from Fawcett: 
Bloom and Fawcett: A Textbook of Histology. Phila¬ 
delphia, W. B. Saunders Company, 1986.) 


the entire muscle fiber has light and dark bands, as do 
the individual myofibrils. These bands give skeletal 
and cardiac muscle their ''striated'" appearance. 

The portion of a myofibril (or of the whole muscle 
fiber) that lies between two successive Z discs is called 
a sarcomere. When the muscle fiber is at its normal, 
fully stretched resting length, the length of the sarco¬ 
mere is about 2 /im. At this length, the actin filaments 
completely overlap the myosin filaments and are just 
beginning to overlap each other. We see later that at 
this length the sarcomere also is capable of generating 
its greatest force of contraction. 

The Sarcoplasm. The myofibrils are suspended in¬ 
side the muscle fiber in a matrix called sarcoplasm, 
which is composed of the usual intracellular constitu¬ 
ents. The fluid of the sarcoplasm contains large quan¬ 
tities of potassium, magnesium, phosphate, and pro¬ 
tein enzymes. Also present are tremendous numbers 
of mitochondria that lie between and parallel to the 
myofibrils, a condition that is indicative of the great 
need of the contracting myofibrils for large amounts of 
adenosine triphosphate (ATP) formed by the mito¬ 
chondria. 

The Sarcoplasmic Reticulum. Also in the sarco¬ 
plasm is an extensive endoplasmic reticulum, which in 


the muscle fiber is called the sarcoplasmic reticulum. 
This reticulum has a special organization that is ex¬ 
tremely important in the control of muscle contraction, 
which is discussed later in the chapter. The electron 
micrograph of Figure 24-3 illustrates the arrangement 
of this sarcoplasmic reticulum and shows how exten¬ 
sive it can be. The more rapidly contracting types of 
muscle have especially extensive sarcoplasmic retic¬ 
ula, indicating that this structure is important in caus¬ 
ing rapid muscle contraction, as is also discussed later. 

■ THE GEIVERAL MECHAIVISM 
OF MUSCLE COIVTRACTIOIV 

The initiation and execution of muscle contraction 
occurs in the following sequential steps: 

1. An action potential travels along a motor nerve to 
its endings on muscle fibers. 

2. At each ending, the nerve secretes a small 
amount of the neurotransmitter substance called ace¬ 
tylcholine. 

3. The acetylcholine acts on a local area of the mus¬ 
cle fiber membrane to open multiple acetylcholine¬ 
gated protein channels in the muscle fiber membrane. 
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Fij^re 24 — 2. Electron micrograph of muscle myofibrils, showing the detailed organization of actin and myosin 
filaments. Note the mitochondria lying between the myofibrils. (From Fawcett: The Cell. Philadelphia, VV. B. Saunders 
Company, 1981.) 


4. Opening of the acetylcholine channels allows 
large quantities of sodium ions to flow to the interior of 
the muscle fiber membrane at the point of the nerve 
terminal. This initiates an action potential in the mus¬ 
cle fiber. 

5. The action potential travels along the muscle 
fiber membrane in the same way that action potentials 
travel along nerve membranes. 


6. The action potential depolarizes the muscle fiber 
membrane and also travels deeply within the muscle 
fiber. Here it causes the sarcoplasmic reticulum to re¬ 
lease into the myofibrils large quantities of calcium 
ions that have been stored within the reticulum. 

7. The calcium ions initiate attractive forces be¬ 
tween the actin and myosin filaments, causing them to 
slide together, which is the contractile process. 


Figure 24 — 3. Sarcoplasmic reticulum surrounding the 
myofibrils, showing the longitudinal system paralleling 
the myofibrils. Also shown in cross-section are the T tu¬ 
bules (arrows) that lead to the exterior of the fiber mem¬ 
brane and that contain extracellular fluid. (From Fawcett 
The Cell. Philadelphia, \V. B. Saunders Company, 1981.) 
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8. After a fraction of a second, the calcium ions are 
pumped back into the sarcoplasmic reticulum, where 
they remain stored until a new muscle action potential 
comes along; muscle contraction ceases. 

We now describe the machinery of the contractile 
process but return to the details of muscle excitation in 
the later chapter. 

■ MOLECULAR MECHAIVISM 
OF MUSCLE COi\TRACTIOi\ 

Sliding Mechanism of Contraction. Figure 24-4 
illustrates the basic mechanism of muscle contraction, 
it shows the relaxed state of a sarcomere (above) and 
the contracted state (below). In the relaxed state, the 
ends of the actin filaments derived from two succes¬ 
sive Z discs barely begin to overlap each other, while at 
the same time completely overlapping the myosin fila¬ 
ments. On the other hand, in the contracted state these 
actin filaments have been pulled inward among the 
myosin filaments, so that they now overlap each other 
to a major extent. Also, the Z discs have been pulled by 
the actin filaments up to the ends of the myosin fila¬ 
ments. Indeed, the actin filaments can be pulled to¬ 
gether so tightly that the ends of the myosin filaments 
actually buckle during very intense contraction. Thus, 
muscle contraction occurs by a sliding filament mecha¬ 
nism. 

But what causes the actin filaments to slide inward 
among the myosin filaments? This is caused by me¬ 
chanical forces generated by the interaction of the 
cross-bridges of the myosin filaments with the actin 
filaments, as we discuss in the following sections. 
Under resting conditions, these forces are inhibited, 
but when an action potential travels over the muscle 
fiber membrane, this causes the release of large quan¬ 
tities of calcium ions into the sarcoplasm surrounding 
the myofibrils. These calcium ions in turn activate the 
forces between the filaments, and contraction begins, 
but energy is also needed for the contractile process to 
proceed. This energy is derived from the high-energy 
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Figure 24 — 4. The relaxed and contracted states of a myofibril, 
showing sliding of the actin filaments (black) into the spaces be¬ 
tween the myosin filaments (red). 
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Figure 24 — 5. The myosin molecule. B, Combination of many 
myosin molecules to form a myosin filament. Also shown are the 
cross-bridges and the interaction between the heads of the cross¬ 
bridges and adjacent actin filaments. 


bonds of ATP, which is degraded to adenosine di¬ 
phosphate (ADP) to liberate the energy required. 

In the next few sections, we describe what is known 
about the details of the molecular processes of con¬ 
traction. To begin this discussion, however, we must 
first characterize in detail the myosin and actin fila¬ 
ments. 


MOLECULAR CHARACTERISTiCS OF 
THE CO\TRACTILE FILAMEiXTS 

The Myosin Filament. The myosin filament is com¬ 
posed of multiple myosin molecules, each having a 
molecular weight of about 480,000. Figure 24-5A il¬ 
lustrates an individual molecule; Figure 24-5B illus¬ 
trates the organization of the molecules to form a myo¬ 
sin filament as well as its interaction on one side with 
the ends of two actin filaments. 

The myosin molecule is composed of 6 polypeptide 
chains, 2 heavy chains each with a molecular weight 
of about 200,000 and 4 light chains with molecular 
weights of about 20,000 each. The 2 heavy chains 
wrap spirally around each other to form a double helix. 
However, one end of each of these chains is folded into 
a globular protein mass called the myosin head. Thus, 
there are 2 free heads lying side by side at one end of 
the double helix myosin molecule; the elongated por¬ 
tion of the coiled helix is called the tail. The 4 light 
chains are also parts of the myosin heads, 2 to each 
head. These light chains help control the function of 
the head during the process of muscle contraction. 

The myosin filament is made up of 200 or more indi¬ 
vidual myosin molecules. The central portion of one of 
these filaments is illustrated in Figure 24 -5B, showing 
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the tails of the myosin molecules bundled together to 
form the body of the filament, while many heads of the 
molecules hang outward to the sides of the body. Also, 
part of the helix portion of each myosin molecule ex¬ 
tends to the side along with the head, thus providing 
an arm that extends the head outward from the body, 
as shown in the figure. The protruding arms and heads 
together are called cross-bridges. Each cross-bridge is 
believed to be flexible at 2 points called hinges, one 
where the arm leaves the body of the myosin filament 
and the other where the 2 heads attach to the arm. The 
hinged arms allow the heads either to be extended far 
outward from the body of the myosin filament or to be 
brought close to the body. The hinged heads are be¬ 
lieved to participate in the actual contraction process, 
as we discuss in the following sections. 

The total length of each myosin filament is very 
uniform, almost exactly 1.6 /im. However, note that 
there are no cross-bridge heads in the very center of 
the myosin filament for a distance of about 0.2 /im 
because the hinged arms extend toward both ends of 
the myosin filament away from the center; therefore, 
in the center there are only tails of the myosin mole¬ 
cules and no heads. 

Now, to complete the picture, the myosin filament 
itself is twisted so that each successive set of cross¬ 
bridges is axially displaced from the previous set by 
120 degrees. This insures that the cross-bridges extend 
in all directions around the filament. 

ATPase Activity of the Myosin Head. Another fea¬ 
ture of the myosin head that is essential for muscle 
contraction is that it functions as an ATPase enzyme. 
As we see later, this property allows the head to cleave 
ATP and to use the energy derived from the ATP's 
high-energy phosphate bond to energize the contrac¬ 
tion process. 

The Actin Filament. The actin filament is also com¬ 
plex. It is composed of three different protein compo¬ 
nents: actin, tropomyosin, and troponin. 

The backbone of the actin filament is a double- 
stranded F-actin protein molecule, illustrated by the 
two lighter-colored strands in Figure 24-6. The two 
strands are wound in a helix in the same manner as the 
myosin molecule but with a complete revolution every 
70 nm. 

Each strand of the double F-actin helix is composed 
of polymerized G-actin molecules, each having a mo¬ 
lecular weight of about 42,000. There are approxi- 
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Fi^re 24-6. The actin filament, composed of two helical 
strands of F-actin and tropomyosin molecules that fit loosely in the 
groov es between the actin strands. Attached to one enil of each 
tropomyosin molecule is a troponin compl(\\ that initiates con¬ 
traction. 


mately 13 of these molecules in each revolution of each 
strand of helix. Attached to each one of the G-actin 
molecules is one molecule of ADP. It is believed that 
these ADP molecules are the active sites on the actin 
filaments with which the cross-bridges of the myosin 
filaments interact to cause muscle contraction. The ac¬ 
tive sites on the two F-actin strands of the double helix 
are staggered, giving one active site on the overall actin 
filament approximately every 2.7 nm. 

Each actin filament is approximately 1 pm long. The 
bases of the actin filaments are inserted strongly into 
the Z discs, while the other ends protrude in both di¬ 
rections into the adjacent sarcomeres to lie in the 
spaces between the myosin molecules, as illustrated in 
Figure 24-4. 

Tropomyosin Molecules. The actin filament also 
contains another protein, tropomyosin. Each molecule 
of tropomyosin has a molecular weight of 70,000 and 
a length of 40 nm. These molecules are connected 
loosely with the F-actin strands, wrapped spirally 
around the sides of the F-actin helix. In the resting 
state, the tropomyosin molecules are believed to lie on 
top of the active sites of the actin strands, so that at¬ 
traction cannot occur between the actin and myosin 
filaments to cause contraction. Each tropomyosin mol¬ 
ecule covers about seven of these active sites. 

Troponin and Its Role in Muscle Contraction. At¬ 
tached near one end of each tropomyosin molecule is 
still another protein molecule called troponin. This is 
actually a complex of three loosely bound protein sub¬ 
units, each of which plays a specific role in the control 
of muscular contraction. One of the subunits (troponin 
I) has a strong affinity for actin, another (troponin T) 
for tropomyosin, and a third (troponin C) for calcium 
ions. This complex is believed to attach the tropomyo¬ 
sin to the actin. The strong affinity of the troponin for 
calcium ions is believed to initiate the contraction pro¬ 
cess, as is explained in the following section. 


Interaction of3Iyosinf Actin Filaments, 
and Calcium Ions to Cause Contraction 

Inhibition of the Actin Filament by the Tropo¬ 
nin-Tropomyosin Complex; Activation by Calcium 
Ions. A pure actin filament without the presence of the 
troponin-tropomyosin complex binds strongly with 
myosin molecules in the presence of magnesium ions 
and ATP, both of which are normally abundant in the 
myofibril. However, if the troponin-tropomyosin 
complex is added to the actin filament, this binding 
does not take place. Therefore, it is believed that the 
active sites on the normal actin filament of the relaxed 
muscle are inhibited or actually physically covered by 
the troponin-tropomyosin complex. Consequently, 
the sites cannot attach to the myosin filaments to cause 
contraction. Before contraction can take place, the in¬ 
hibitory effect of the troponin-tropomyosin complex 
must itself be inhibited. 

Now, let us discuss the role of the calcium ions. In 
the presence of large amounts of calcium ions, the 
inhibitory effect of the troponin-tropomyosin on the 
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actin filaments is itself inhibited. The mechanism of 
this is not known, but one suggestion is the following: 
When calcium ions combine with troponin C, each 
molecule of which can bind strongly with up to four 
calcium ions even when these are present in minute 
quantities, the troponin complex supposedly under¬ 
goes a conformational change that in some way tugs 
on the tropomyosin molecule and supposedly moves it 
deeper into the groove between the two actin strands. 
This "uncovers" the active sites of the actin, thus al¬ 
lowing contraction to proceed. Although this is a hy¬ 
pothetical mechanism, nevertheless it does emphasize 
that the normal relationship between the tropomyo¬ 
sin-troponin complex and actin is altered by calcium 
ions, producing a new condition that leads to contrac¬ 
tion. 

Interaction Between the "Activated" Actin Fila¬ 
ment and the Myosin Cross-Bridges — The "Walk- 
Along" Theory of Contraction. As soon as the actin 
filament becomes activated by the calcium ions, the 
heads of the cross-bridges from the myosin filaments 
immediately become attracted to the active sites of the 
actin filament, and this in some way causes contraction 
to occur. Although the precise manner by which this 
interaction between the cross-bridges and the actin 
causes contraction is still unknown, a suggested hy¬ 
pothesis for which considerable evidence exists is the 
"walk-along" theory (or "ratchet" theory) of contrac¬ 
tion. 

Figure 24-7 illustrates the postulated walk-along 
mechanism for contraction. This figure shows the 
heads of two cross-bridges attaching to and disengag¬ 
ing from the active sites of an actin filament. It is 
postulated that when the head attaches to an active 
site, this attachment simultaneously causes profound 
changes in the intramolecular forces between the head 
and arm of the cross-bridge. The new alignment of 
forces causes the head to tilt toward the arm and to 
drag the actin filament along with it. This tilt of the 
head is called the power stroke. Then, immediately after 
tilting, the head automatically breaks away from the 
active site. Next, the head returns to its normal perpen¬ 
dicular direction. In this position it combines with a 
new active site farther down along the actin filament; 
then, the head tilts again to cause a new power stroke, 
and the actin filament moves another step. Thus, the 
heads of the cross-bridges bend back and forth and 
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Figure 24 — 7. The ‘walk-along” mechanism for contraction of 
the muscle. 


Step by step walk along the actin filament, pulling the 
ends of the actin filaments toward the center of the 
myosin filament. 

Each one of the cross-bridges is believed to operate 
independently of all others, each attaching and pulling 
in a continuous but random cycle. Therefore, the 
greater the number of cross-bridges in contact with the 
actin filament at any given time, the greater, theoreti¬ 
cally, is the force of contraction. 

ATP as the Source of Energy for Contraction- 
Chemical Events in the Motion of the Myosin 
Heads. When a muscle contracts against a load, work is 
performed and energy is required. Large amounts of 
ATP are cleaved to form ADP during the contraction 
process. Furthermore, the greater the amount of work 
performed by the muscle, the greater the amount of 
ATP that is cleaved, which is called the Fenn effect. 
Although it is still not known exactly how ATP is used 
to provide the energy for contraction, the following is a 
sequence of events that has been suggested as the 
means by which this occurs: 

1. Before contraction begins, the heads of the cross¬ 
bridges bind with ATP. The ATPase activity of the 
myosin head immediately cleaves the ATP but leaves 
the cleavage products, ADP plus Pi, bound to the head. 
In this state, the conformation of the head is such that it 
extends perpendicularly toward the actin filament but 
is not yet attached to the actin. 

2. Next, when the inhibitory effect of the troponin- 
tropomyosin complex is itself inhibited by calcium 
ions, active sites on the actin filament are uncovered, 
and the myosin heads do then bind with these, as 
illustrated in Figure 24-7. 

3. The bond between the head of the cross-bridge 
and the active site of the actin filament causes a con¬ 
formational change in the head, prompting the head to 
tilt toward the arm of the cross-bridge. This provides 
the power stroke for pulling the actin filament. The 
energy that activates the power stroke is the energy 
already stored, like a "cocked" spring, by the confor¬ 
mational change in the head when the ATP molecule 
had been cleaved. 

4. Once the head of the cross-bridge is tilted, this 
allows release of the ADP and Pi that were previously 
attached to the head; at the site of release of the ADP, a 
new molecule of ATP binds. This binding in turn 
causes detachment of the head from the actin. 

5. After the head has detached from the actin, the 
new molecule of ATP is also cleaved, and the energy 
again "cocks" the head back to its perpendicular con¬ 
dition ready to begin a new power stroke cycle. 

6. Then, when the cocked head, with its stored en¬ 
ergy derived from the cleaved ATP, binds with a new 
active site on the actin filament, it becomes uncocked 
and once again provides the power stroke. 

7. Thus, the process proceeds again and again until 
the actin filament pulls the Z membrane up against the 
ends of the myosin filaments or until the load on the 
muscle becomes too great for further pulling to occur. 
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Normal range of contraction 
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DEGREE OF ACTL\ AJ\D UYOSLX 
FILA31Ei\T OVERLAP—EFFECT OX 
TEXSWX DEVELOPED R\ THE 
COXTRACTiXG HVSCLE 

Figure 24-8 illustrates the effect of sarcomere length 
and of myosin-actin filament overlap on the active 
tension developed by a contracting muscle fiber. To 
the right are illustrated different degrees of overlap of 
the myosin and actin filaments at different sarcomere 
lengths. At point D on the diagram, the actin filament 
has pulled all the way out to the end of the myosin 
filament with no overlap at all. At this point, the ten¬ 
sion developed by the activated muscle is zero. Then, 
as the sarcomere shortens and the actin filament 
begins to overlap the myosin filament, the tension in¬ 
creases progressively until the sarcomere length de¬ 
creases to about 2.2 pim. At this point, the actin fila¬ 
ment has already overlapped all the cross-bridges of 
the myosin filament but has not yet reached the center 
of the myosin filament. Upon further shortening, the 
sarcomere maintains full tension until point B at a sar¬ 
comere length of approximately 2.0 /um. At this point, 
the ends of the two actin filaments begin to overlap 
each other, in addition to overlapping the myosin fila¬ 
ments. As the sarcomere length falls from 2 pim down 
to about 1.65 pim, at point A, the strength of contrac¬ 
tion decreases. It is at this point that the two Z discs of 
the sarcomere abut the ends of the myosin filaments. 
Then, as contraction proceeds to still shorter sarcomere 
lengths, the ends of the myosin filaments are actually 
crumpled, and as illustrated in the figure, the strength 
of contraction also decreases precipitously. 

This diagram illustrates that maximum contraction 
occurs when there is maximum overlap between the 
actin filaments and the cross-bridges of the myosin 



Figure 24-8. Length-tension diagram for a single sarcomere, 
illustrating maximum strength of contraction when the sarco¬ 
mere is 2.0 to 2.2 jUm in length. At the upper right are shown the 
relative positions of the actin and myosin filaments at different 
sarcomere lengths from point A to point D. (Modified from Gor¬ 
don, Huxley, and Julian: The length-ten.sion diagram of single 
vertebrate striated muscle fibers. J. Phy.siol., 171:28P, 1064.) 



Figure 24 — 9. Relation of muscle length to force of contraction. 


filaments, and it supports the idea that the greater the 
number of cross-bridges pulling the actin filaments, 
the greater the strength of contraction. 

Effect of Muscle Length on Force of Contraction in 
the Intact Muscle. The upper curve of Figure 24-9 is 
similar to that in Figure 24 - 8, but this illustrates the 
intact, whole muscle rather than a single muscle fiber. 
The whole muscle has a large amount of connective 
tissue in it; also, the sarcomeres in different parts of the 
muscle do not necessarily contract exactly in unison. 
Therefore, the curve has somewhat different dimen¬ 
sions from those illustrated for the individual muscle 
fiber, but it nevertheless exhibits the same form. 

Note in Figure 24-9 that when the muscle is at its 
normal resting length, which is at a sarcomere length 
of about 2 /im, it contracts with maximum force of 
contraction. If the muscle is stretched to much greater 
than normal length prior to contraction, a large 
amount of resting tension develops in the muscle even 
before contraction takes place; this tension results 
from the elastic forces of the connective tissue, the 
sarcolemma, the blood vessels, the nerves, and so 
forth. However, the increase in tension during contrac¬ 
tion, called active tension, decreases as the muscle is 
stretched much beyond its normal length — that is, to a 
sarcomere length greater than about 2.2 fim. This is 
demonstrated by the decrease in the arrow length in 
the figure. 

REIATIOX OF VELOCITY OF 
COXTRACTWX TO ID AD 

A muscle contracts extremely rapidly when it contracts 
against no load — to a state of full contraction in approxi¬ 
mately 0.1 sec for the average muscle. However, when loads 
are applied, the velocity of contraction becomes progres¬ 
sively less as the load increases, as illustrated in Figure 
24-10. When the load increases to equal the maximum force 
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Load-opposing contraction (kg) 

Figure 24 — 10. Relation of load to velocity of contraction in a 
skeletal muscle 8 cm long. 


that the muscle can exert, the velocity of contraction be¬ 
comes zero and no contraction at all results, despite activa¬ 
tion of the muscle fiber. 

This decreasing velocity with load is caused by the fact 
that a load on a contracting muscle is a reverse force that 
opposes the contractile force caused by muscle contraction. 
Therefore, the net force that is available to cause velocity of 
shortening is correspondingly reduced. 


■ LMTIATIOx\ OF MUSCLE 
COx\TRACTIO\: 
EXCITATIOx\-CO\TRACTIOx\ 
COUPLIXG 

Initiation of contraction in skeletal muscle begins wdth 
action potentials in the muscle fibers. These elicit elec¬ 
trical currents that spread to the interior of the fiber 
where they cause release of calcium ions from the sar¬ 
coplasmic reticulum. It is the calcium ions that in turn 
initiate the chemical events of the contractile process. 
This overall process for controlling muscle contraction 
is called excitation-contraction coupling. 


THE 3WSCLE ACTIOX POTEXTIAL 

Almost everything discussed in Chapter 6 regarding 
initiation and conduction of action potentials in nerv^e 
fibers applies equally well to skeletal muscle fibers 
except for quantitative differences. Some of the quan¬ 
titative aspects of muscle potentials are the fol¬ 
lowing: 

1. Resting membrane potential: approximately — 80 
to —90 mV in skeletal fibers — the same as in large 
myelinated nerv^e fibers. 

2. Duration of action potential: 1 to 5 msec in skele¬ 
tal muscle — about five times as long as large myeli¬ 
nated nerv^es. 

3. Velocity of conduction: 3 to 5 m/sec — about Vis 
the velocity of conduction in the large myelinated 
ner\^e fibers that excite skeletal muscle. 


Spread of the Action Potential to the 
Interior of the Muscle Fiber by H ay of 
the Transverse Tubule System 

The skeletal muscle fiber is so large that action poten¬ 
tials spreading along its surface membrane cause al¬ 
most no current flow deep within the fiber. Yet, to 
cause contraction, these electrical currents must pene¬ 
trate to the vicinity of all the separate myofibrils. This is 
achieved by transmission of the action potentials along 
transverse tubules (T tubules) that penetrate all the w^ay 
through the muscle fiber from one side to the other. 
The T tubule action potentials in turn cause the sarco¬ 
plasmic reticulum to release calcium ions in the imme¬ 
diate vicinity of all the myofibrils, and these calcium 
ions then cause contraction. This overall process is 
called excitation-contraction coupling. Nov/, let us de¬ 
scribe this in much greater detail. 

EXCITATIOX-COXTRACTIOX COUPLIXG 

The Transverse Tubule - Sarcoplasmic 
Reticulum System 

Figure 24-11 illustrates several myofibrils surrounded 
by the transverse tubule-sarcoplasmic reticulum sys¬ 
tem. The transverse tubules are very small and run 
transverse to the myofibrils. They begin at the cell 
membrane and penetrate all the way from one side of 
the muscle fiber to the opposite side. Not showm in the 
figure is the fact that these tubules branch among 
themselves so that they form entire planes of T tubules 
interlacing among all the separate myofibrils. Also, it 
should be noted that where the T tubules originate from 
the cell membrane they are open to the exterior. There¬ 
fore, they communicate with the fluid surrounding the 
muscle fiber and contain extracellular fluid in their 
lumens. In other words, the T tubules are internal ex¬ 
tensions of the cell membrane. Therefore, w^hen an 
action potential spreads over a muscle fiber mem¬ 
brane, it spreads along the T tubules to the deep inte¬ 
rior of the muscle fiber as well. The action potential 
currents surrounding these transverse tubules then 
elicit the muscle contraction. 

Figure 24-11 show's the sarcoplasmic reticulum as 
w'ell, shown in red. This is composed of tw'o major 
parts: (1) long longitudinal tubules that run parallel to 
the myofibrils and terminate in (2) large chambers 
called terminal cisternae that abut the transverse tu¬ 
bules. When the muscle fiber is sectioned longitudi¬ 
nally and electron micrographs are made, one sees this 
abutting of the cisternae against the transverse tubule, 
w'hich gives the appearance of a triad with a small 
central tubule and a large cistema on either side. This is 
illustrated in Figure 24-11 and is also seen in the elec¬ 
tron micrograph of Figure 24-3. 

In the muscle of low'er animals, such as the frog, 
there is a single T tubule netw'ork for each sarcomere, 
located at the level of the Z disc, as illustrated in Figure 
24-11. Cardiac muscle also has this type of T tubule 
system. However, in mammalian skeletal muscle there 
are two T tubule netw'orks for each sarcomere located 
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Fi^re 24-11. The transverse tubule- 
sarcoplasmic reticulum system. Note the 
longitudinal tubules that terminate in large 
cisternae. The cisternae in turn abut the 
transverse tubules. Note also that the trans¬ 
verse tubules communicate with the out¬ 
side of the cell membrane. This illustration 
was drawn from frog muscle, which has 
one transverse tubule per sarcomere, lo¬ 
cated at the Z line. A similar arrangement is 
found in mammalian heart muscle, but 
mammalian skeletal muscle has two trans¬ 
verse tubules per sarcomere, located at the 
A-I junctions. (From Fawcett: Bloom and 
Fawcett: A Textbook of Histology. Philadel¬ 
phia, W. B. Saunders Company, 1986. Modi¬ 
fied after Peachey: J. Cell Biol. 25:209, 1965. 
Drawn by Sylvia Colard Keene.) 
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near the two ends of the myosin filaments, which are 
the points where the actual mechanical forces of mus¬ 
cle contraction are created. Thus, mammalian skeletal 
muscle is optimally organized for rapid excitation of 
muscle contraction. 


RELEASE OF CALCMUM iOIMS BY THE 
SARCOPLASHiC RETiCVLUH 

One of the special features of the sarcoplasmic reticu¬ 
lum is that it contains calcium ions in very high con¬ 
centration, and many of these ions are released when 
the adjacent T tubule is excited. 

Figure 24-12 shows that the action potential of the 
T tubule causes current flow through the tips of the 
cisternae that abut the T tubule. At these points, each 
cistema projects junctional feet that attach to the mem¬ 
brane of the T tubule, presumably facilitating passage 
of some signal from the T tubule to the cistema. Possi¬ 
bly this signal is electrical current of the action poten¬ 
tial itself. However, there are also reasons to believe 
that it could be some chemical or mechanical signal. 
Whatever the signal, it causes rapid opening of large 


numbers of calcium channels through the membranes 
of the cisternae and their attached longitudinal tubules 
of the sarcoplasmic reticulum. These channels remain 
open for a few milliseconds; during this time the cal¬ 
cium ions responsible for muscle contraction are re¬ 
leased into the sarcoplasm surrounding the myofibrils. 

The calcium ions that are thus released from the 
sarcoplasmic reticulum diffuse to the adjacent myofi¬ 
brils, where they bind strongly with troponin C, as 
discussed in the previous chapter, and this in turn 
elicits the muscle contraction. 

The Calcium Pump for Removing Calcium Ions 
from the Sarcoplasmic Fluid. Once the calcium ions 
have been released from the sarcoplasmic tubules and 
have diffused to the myofibrils, muscle contraction 
will continue as long as the calcium ions remain in high 
concentration in the sarcoplasmic fluid. However, a 
continually active calcium pump located in the walls of 
the sarcoplasmic reticulum pumps calcium ions out of 
the sarcoplasmic fluid back into the sarcoplasmic tu¬ 
bules. This pump can concentrate the calcium ions 
about 10,000-fold inside the sarcoplasmic reticulum. 
In addition, inside the reticulum is a protein called 
calsequestrin that can bind ove»* 40 times as much cal- 
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Figure 24 — 12. Excitation-contraction coupling in 
the muscle, showing an action potential that causes 
release of calcium ions from the sarcoplasmic reticu¬ 
lum and then reuptake of the calcium ions by a cal¬ 
cium pump. 


cium as that in the ionic state, thus providing another 
40-fold increase in the storage of calcium. Thus, this 
massive transfer of calcium into the sarcoplasmic retic¬ 
ulum causes virtual total depletion of calcium ions in 
the fluid of the myofibrils. Therefore, except immedi¬ 
ately after an action potential, the calcium ion concen¬ 
tration in the myofibrils is kept at an extremely low 
level. 

The Excitatory "Pulse" of Calcium Ions. The nor¬ 
mal concentration (less than 10“^ M) of calcium ions in 
the cytosol that bathes the myofibrils is too little to 
elicit contraction. Therefore, in the resting state, the 
troponin-tropomyosin complex keeps the actin fila¬ 
ments inhibited and maintains a relaxed state of the 
muscle. 

On the other hand, full excitation of the T tubule- 
sarcoplasmic reticulum system causes enough release 
of calcium ions to increase the concentration in the 
myofibrillar fluid to as high as 2 X 10“'* M concentra¬ 
tion, which is about 10 times the level required to cause 
maximum muscle contraction (about 2 X 10“^ M). Im¬ 
mediately thereafter, the calcium pump depletes the 
calcium ions again. The total duration of this calcium 
"pulse" in the usual skeletal muscle fiber lasts about 
V 20 sec, though it may last several times as long as this 
in some skeletal muscle fibers and be several times 
shorter in others (in heart muscle, the calcium pulse 
lasts for as long as Vs sec because of the long duration of 
the cardiac action potential). It is during this calcium 
pulse that muscle contraction occurs. If the contraction 
is to continue without interruption for longer intervals, 
a series of such pulses must be initiated by a continu¬ 
ous series of repetitive action potentials, as discussed in 
the previous chapter. 

■ Ei\ERGETICS OF MUSCLE 
CO\TRACTIOIV 

W ORK OUTPUT DUiUiXG MUSCLE 
COIVTRACTWIM 

When a muscle contracts against a load, it performs 
work. This means that energy is transferred from the 


muscle to the external load, for example, to lift an 
object to a greater height or to overcome resistance to 
movement. 

In mathematical terms, work is defined by the fol¬ 
lowing equation: 

W = LXD 

in which W is the work output, L is the load, and D is 
the distance of movement against the load. The energy 
required to perform the work is derived from the 
chemical reactions in the muscle cells during contrac¬ 
tion, as we describe in the following sections. 


SOURCES OF EXERGV FOR MUSCLE 
COiXTRACTIOIV 

We have already seen that muscle contraction depends 
on energy supplied by ATP. Most of this energy is 
required to actuate the walk-along mechanism by 
which the cross-bridges pull the actin filaments, but 
small amounts are required for (1) pumping calcium 
from the sarcoplasm into the sarcoplasmic reticulum 
after the contraction is over and (2) pumping sodium 
and potassium ions through the muscle fiber mem¬ 
brane to maintain an appropriate ionic environment 
for the propagation of action potentials. 

However, the concentration of ATP present in the 
muscle fiber, about 4 mM, is sufficient to maintain full 
contraction for only 1 to 2 sec at most. Fortunately, 
after the ATP is split into ADP, the ADP is rephos- 
phorylated to form new ATP within a fraction of a 
second. There are several sources of the energy for this 
rephosphorylation. 

The first source of energy that is used to reconstitute 
the ATP is the substance phosphocreatine, which car¬ 
ries a high-energy phosphate bond similar to those of 
ATP. The high-energy phosphate bond of the phos¬ 
phocreatine has a slightly higher amount of free en¬ 
ergy than that of the ATP bond. Therefore, phospho¬ 
creatine is instantly cleaved, and the released energy 
causes bonding of a new phosphate ion to ADP to 
reconstitute the ATP. However, the total amount of 
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phosphocreatine is also very little—only about five 
times as great as the ATP. Therefore, the combined 
energy of both the stored ATP and the phosphocrea¬ 
tine in the muscle is still capable of causing maximal 
muscle contraction for no longer than 7 to 8 sec. 

The next important source of energy, which is used 
to reconstitute both ATP and phosphocreatine, is gly¬ 
cogen previously stored in the muscle cells. Rapid en¬ 
zymatic breakdown of the glycogen to pyruvic acid 
and lactic acid liberates energy that is used to convert 
ADP to ATP, and the ATP can then be used directly to 
energize muscular contraction or to re-form the stores 
of phosphocreatine. The importance of this '"glycoly- 
sis'' mechanism is twofold. First, the glycolytic reac¬ 
tions occur even in the absence of oxygen, so that mus¬ 
cle contraction can be sustained for a short time when 
oxygen is not available. Second, the rate of formation 
of ATP by the glycolytic process is about two and one 
half times as rapid as ATP formation when the cellular 
foodstuffs react with oxygen. Unfortunately, though, 
so many end-products of glycolysis accumulate in the 
muscle cells that glycolysis alone can sustain maxi¬ 
mum muscle contraction for only about 1 minute. 

The final source of energy is the process of oxidative 
metabolism. This means the combining of oxygen with 
the various cellular foodstuffs to liberate ATP. Over 95 
per cent of all energy used by the muscles for sus¬ 
tained, long-term contraction is derived from this 
source. The foodstuffs that are consumed are car¬ 
bohydrates, fats, and protein. For extremely long-term 
muscle activity — over a period of hours —by far the 
greatest proportion of energy comes from fats. 

Efficiency of Muscle Contraction. The "efficiency"' of an 
engine or a motor is calculated as the percentage of energy 
input that is converted into work instead of heat. The per¬ 
centage of the input energy to the muscle (the chemical en¬ 
ergy in the nutrients) that can be converted into work is less 
than 20 to 25 per cent, the remainder becoming heat. The 
reason for this low efficiency is that about half of the energy 
in the foodstuffs is lost during the formation of ATP, and 
even then only 40 to 45 per cent of the energy in the ATP 
itself can later be converted into work. 



Figure 24 — 13. Isotonic and isometric recording systems. 


of weights. Obviously, the characteristics of isotonic con¬ 
traction depend on the load against which the muscle con¬ 
tracts as well as on the inertia of the load. On the other hand, 
the isometric system records strictly changes in force of mus¬ 
cle contraction itself. Therefore, the isometric system is most 
often used when comparing the functional characteristics of 
different muscle types. 

The Series Elastic Component of Muscle Contraction. 
When muscle fibers contract against a load, those portions 
of the muscle that do not contract — the tendons, the sar- 
colemmal ends of the muscle fibers where they attach to 
the tendons, and perhaps even the hinged arms of the 
cross-bridges—stretch slightly as the tension increases. 
Consequently, the muscle must shorten an extra 3 to 5 per 
cent to make up for the stretch of these elements. The ele¬ 
ments of the muscle that stretch during contraction are called 
the series elastic component of the muscle. 


CHAMiACTERISTiCS OF ISOMETRIC 
TWITCHES RECORDED FROM 
DIFFERENT MUSCLES 

The body has many different sizes of skeletal muscles — 
from the very small stapedius muscle in the middle ear of 
only a few millimeters length and a millimeter or so in diam¬ 
eter up to the very large quadriceps muscle, a half million 
times as large as the stapedius. Furthermore, the fibers may 


■ CHARACTERISTICS OF WHOLE 

MLSCLE CONTRACTION 

Many features of muscle contraction can be especially well 
demonstrated by eliciting single muscle twitches. This can be 
accomplished by instantaneously exciting the nerve to a 
muscle or by passing a short electrical stimulus through the 
muscle itself, giving rise to a single, sudden contraction last¬ 
ing for a fraction of a second. 

Isometric Versus Isotonic Contraction. Muscle contrac¬ 
tion is said to be isometric when the muscle does not shorten 
during contraction and isotonic when it shortens with the 
tension on the muscle remaining constant. Systems for re¬ 
cording the two types of muscle contraction are illustrated in 
Figure 24-13. 

In the isometric system, the muscle contracts against a 
force transducer without decreasing the muscle length, as 
illustrated to the right in Figure 24-13. In the isotonic sys¬ 
tem, the muscle shortens against a fixed load; this is illus¬ 
trated to the left in the figure, showing a muscle lifting a pan 



Figure 24 — 14. Duration of isometric contractions of different 
types of mammalian muscles, showing also a latent period be¬ 
tween the action potential and muscle contraction. 
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be as small as 10 //m in diameter or as large as 80//m. Finally, 
the energetics of muscle contraction vary considerably from 
one muscle to another. Therefore, it is no wonder that the 
characteristics of muscle contraction differ among muscles. 

Figure 24-14 illustrates isometric contractions of three 
different types of skeletal muscles: an ocular muscle, which 
has a duration of contraction of less than V 40 sec; the 
gastrocnemius muscle, which has a duration of contraction 
of about Vi5 sec; and the soleus muscle, which has a duration 
of contraction of about Vs sec. It is interesting that these 
durations of contractions are adapted to the function of each 
of the respective muscles. Ocular movements must be ex¬ 
tremely rapid to maintain fixation of the eyes on specific 
objects, and the gastrocnemius muscle must contract moder¬ 
ately rapidly to provide sufficient velocity of limb movement 
for running and jumping, whereas the soleus muscle is con¬ 
cerned principally with slow contraction for continual sup¬ 
port of the body against gravity. 


MECHAXICS OF SKELETAL MFSCLE 
COMTRACTIOX 

THE MOTOR UMT 

Each motoneuron that leaves the spinal cord innervates 
many different muscle fibers, the number depending on the 
t)"pe of muscle. All the muscle fibers innerv^ated by a single 
motor nerve fiber are called a motor unit. In general, small 
muscles that react rapidly and whose control must be exact 
have few muscle fibers (as few as two to three in some of the 
lar)mgeal muscles) in each motor unit. On the other hand, 
the large muscles that do not require very fine control, such 
as the gastrocnemius muscle, may have several hundred 
muscle fibers in a motor unit. An average figure for all the 
muscles of the body can be considered to be about 100 mus¬ 
cle fibers to the motor unit. 

The muscle fibers in each motor unit are not all bunched 
together in a muscle but instead are spread out in the muscle 
in microbundles of 3 to 15 fibers. Therefore, these lie among 
similar microbundles of other motor units. This interdigita- 
tion allows the separate motor units to contract in support of 
each other rather than entirely as individual segments. 

Muscle Contractions of Different Force — 

Force Summation 

Summation means the adding together of individual twitch 
contractions to increase the intensity of overall muscle con¬ 
traction. Summation occurs in two different ways: (1) by 
increasing the number of motor units contracting simulta¬ 
neously, which is called multiple fiber summation; and (2) by 
increasing the frequency of contraction, which is called fre¬ 
quency summation or tetanization. 

Multiple Fiber Summation. When the central nervous 
system sends a weak signal to contract a muscle, the motor 
units in the muscle that contain the smallest and fewest mus¬ 
cle fibers are stimulated in preference to the larger motor 
units. Then as the strength of the signal increases, larger and 
larger motor units begin to be excited as well, with the largest 
motor units often having 50 times as much contractile force 
as the smallest units. This is called the size principle. It is 
important because it allows the gradations of muscle force 
during weak contraction to occur in very small steps, while 
the steps become progressively greater when large amounts 
of force are required. The cause of this size principle is that 
the smaller motor units are driven by small motor nerve 


fibers, and the small motoneurons in the spinal cord are far 
more excitable than the larger ones, so that they naturally are 
excited first. 

Another important feature of multiple fiber summation is 
that the different motor units are driven asynchronously by 
the spinal cord, so that contraction alternates among motor 
units one after the other, thus providing smooth contraction 
even at low frequencies of nerve signals. 

Frequency Summation and Tetanization. Figure 24-15 
illustrates the principles of frequency summation and tetani¬ 
zation. To the left are illustrated individual twitch contrac¬ 
tions occurring one after another at low frequency of stimu¬ 
lation. Then as the frequency increases, there comes a point 
when each new contraction occurs before the preceding one 
is over. As a result, the second contraction is added partially 
to the first, so that the total strength of contraction rises 
progressively with increasing frequenc)\ When the fre¬ 
quency reaches a critical level, the successive contractions 
are so rapid that they literally fuse together, and the contrac¬ 
tion appears to be completely smooth and continuous, as 
illustrated in the figure. This is called tetanization. At a still 
higher frequency, the strength of contraction reaches its 
maximum, so that additional increase in frequency beyond 
that point will have no further effect in increasing contractile 
force. This occurs because enough calcium ions are then 
maintained in the muscle sarcoplasm even between action 
potentials, so that the full contractile state is sustained with¬ 
out allowing any relaxation between the action potentials. 

Maximum Strength of Contraction. The maximum 
strength of tetanic contraction of a muscle operating at a 
normal muscle length averages between 3 and 4 kg/cm^ of 
muscle, or 50 Ib/in.^. Because a quadriceps muscle can at 
times have as much as 16 in.^ of muscle belly, as much as 800 
lb of tension may at times be applied to the patellar tendon. 
One can readily understand, therefore, how it is possible for 
muscles sometimes to pull their tendons out of the insertions 
in bones. 

Muscle Fatigue 

Prolonged and strong contraction of a muscle leads to the 
well-known state of muscle fatigue. Studies in athletes have 
shown that muscle fatigue increases in almost direct propor¬ 
tion to the rate of depletion of muscle glycogen. Therefore, 
most fatigue probably results simply from inability of the 
contractile and metabolic processes of the muscle fibers to 
continue supplying the same work output. However, experi¬ 
ments have also shown that transmission of the nerve signal 
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Figure 24 — 15. Frequency summation and tetanization. 
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through the neuromuscular junction, which is discussed in 
the following chapter, can occasionally diminish following 
prolonged muscle activity, thus further diminishing muscle 
contraction. 

Interruption of blood flow through a contracting muscle 
leads to almost complete muscle fatigue in a minute or more 
because of the obvious loss of nutrient supply—especially 
loss of oxygen. 


RE3iODELii\G OF lUVSCLE TO MATCH 
FCISICTIOS 

All the muscles of the body are continually being remodeled 
to match the functions that are required of them. Their diam¬ 
eters are altered, their lengths are altered, their strengths are 
altered, their vascular supplies are altered, and even the 
types of muscle fibers are altered at least to a slight extent. 
This remodeling process is often quite rapid, within a few 
weeks. Indeed, experiments have shown that even normally 
the muscle contractile proteins can be totally replaced once 
every 2 weeks. 

Muscle H^^iertrophy and Muscle Atrophy 

When the total mass of a muscle enlarges, this is called mus¬ 
cle hypertrophy. When it decreases, the process is called 
muscle atrophy. 

Virtually all muscle hypertrophy results from hypertrophy 
of the individual muscle fibers, which is called simply fiber 
hypertrophy. This usually occurs in response to contraction of 
a muscle at maximal or almost maximal force. Hypertrophy 
occurs to a much greater extent when the muscle is simulta¬ 
neously stretched during the contractile process. Only a few 
such strong contractions each day are required to cause al¬ 
most maximum hypertrophy within 6 to 10 weeks. 

Unfortunately, the manner in which forceful contraction 
leads to hypertrophy is not known. Yet it is known that the 
rate of synthesis of muscle contractile proteins is far greater 
during developing hypertrophy than their rate of decay, 
leading to progressively greater numbers of both actin and 
myosin filaments in the myofibrils. In turn, the myofibrils 
themselves split within each muscle fiber to form new myo¬ 
fibrils. Thus, it is mainly this great increase in numbers of 
additional myofibrils that causes muscle fibers to hyper¬ 
trophy. 

Along with the increasing numbers of myofibrils, the en¬ 
zyme systems that provide energy also increase. This is espe¬ 
cially true of the enzymes for glycolysis, allowing a rapid 


supply of energy during short-term forceful muscle contrac¬ 
tion. 

When a muscle remains unused for long periods of time, 
the rate of decay of the contractile proteins as well as the 
numbers of myofibrils occurs more rapidly than the rate of 
replacement. Therefore, muscle atrophy occurs. 


Effects of Muscle Denervation 

When a muscle loses its nerve supply, it no longer receives 
the contractile signals that are required to maintain normal 
muscle size. Therefore, atrophy begins almost immediately. 
After about 2 months, degenerative changes also begin to 
appear in the muscle fibers themselves. If the nerve supply 
grows back to the muscle, full return of function will usually 
occur up to about 3 months, but from that time onward the 
capability of functional return becomes less and less, with no 
return of function after 1 to 2 years. 

In the final stage of denervation atrophy, most of the mus¬ 
cle fibers are completely destroyed and replaced by fibrous 
and fatty tissue. Those fibers that do remain are composed of 
a long cell membrane with a line-up of muscle cell nuclei but 
with no contractile properties and with no capability of re¬ 
generating myofibrils if a nerve regrows. 

Unfortunately, the fibrous tissue that replaces the muscle 
fibers during denervation atrophy has a tendency to con¬ 
tinue shortening for many months, which is called contrac¬ 
ture. Therefore, one of the most important problems in the 
practice of physical therapy is to keep atrophying muscles 
from developing debilitating and disfiguring contracture. 
This is achieved by daily stretching of the muscles or use of 
appliances that keep the muscles stretched during the atro¬ 
phying process. 

Recovery of Muscle Contraction in Poliomyelitis: De¬ 
velopment of Macromotor Units. When some nerve fibers 
to a muscle are destroyed but not all of them, as often occurs 
in poliomyelitis, the remaining nerve fibers sprout forth new 
axons to form many new branches that then innervate many 
of the paralyzed muscle fibers. This causes very large motor 
units called macromotor units, containing as many as five 
times the normal number of muscle fibers for each moto¬ 
neuron in the spinal cord. This obviously decreases the fine¬ 
ness of control that one has over the muscles but, neverthe¬ 
less, allows the muscles to regain strength. 
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See References, Chapter 25. 
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■ TRAIVSMISSIOIV OF 

IMPULSES FROM IVERVES 
TO SKELETAL MUSCLE 
FIBERS: THE 

\EUROMUSCULAR JUIVCTIOIV 

The skeletal muscle fibers are innervated by large, my¬ 
elinated nerve fibers that originate in the large moto¬ 
neurons of the anterior horns of the spinal cord. As 
pointed out in the previous chapter, each nerve fiber 
normally branches many times and stimulates from 
three to several hundred skeletal muscle fibers. The 
nerve ending makes a junction, called the neuromuscu¬ 
lar junction, with the muscle fiber near the fiber's mid¬ 
point, and the action potential in the fiber travels in 
both directions toward the muscle fiber ends. With the 
exception of about 2 per cent of the muscle fibers, there 
is only one such junction per muscle fiber. 

Physiologic Anatomy of the Neuromuscular 
Junction — The "Motor End-Plate." Figure 25-1, 
parts A and B, illustrates the neuromuscular junction 
between a large, myelinated nerve fiber and a skeletal 
muscle fiber. The nerve fiber branches at its end to 
form a complex of branching nerve terminals, which 
invaginate into the muscle fiber but lie entirely outside 
the muscle fiber plasma membrane. The entire struc¬ 
ture is called the motor end-plate. It is covered by one or 
more Schwann cells that insulate it from the surround¬ 
ing fluids. 

Figure 25-1C shows an electron micrographic 
sketch of the junction between a single-branch axon 
terminal and the muscle fiber membrane. The 
invagination of the membrane is called the synaptic 
gutter or synaptic trough, and the space between the 
terminal and the fiber membrane is called the synaptic 
cleft. The synaptic cleft is 20 to 30 nm wide and is 
occupied by a basal lamina, which is a thin layer of 
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spongy reticular fibers through which diffuses extra¬ 
cellular fluid. At the bottom of the gutter are numerous 
smaller folds of the muscle membrane called subneural 
clefts, which greatly increase the surface area at which 
the synaptic transmitter can act. 

In the axon terminal are many mitochondria that 
supply energy mainly for synthesis of the excitatory 
transmitter acetylcholine that, in turn, excites the mus¬ 
cle fiber. The acetylcholine is synthesized in the cyto¬ 
plasm of the terminal but is rapidly absorbed into 
many small synaptic vesicles, approximately 300,000 
of which are normally in the terminals of a single end- 
plate. Attached to the matrix of the basal lamina are 
large quantities of the enzyme acetylcholinesterase, 
which is capable of destroying acetylcholine, to be ex¬ 
plained in further detail. 

SECRETtON OF ACETYLCHOLINE BY 
THE NERVE TERMINALS 

When a nerve impulse reaches the neuromuscular 
junction, about 300 vesicles of acetylcholine are re¬ 
leased from the terminals into the synaptic trough. 
Figure 25-2 illustrates some of the details of this 
mechanism, showing an expanded view of a synaptic 
trough with the neural membrane above and the mus¬ 
cle membrane and its subneural clefts below. 

On the inside surface of the neural membrane are 
linear dense bars, shown in cross-section in Figure 
25 - 2. To each side of each dense bar are protein parti¬ 
cles that penetrate the membrane, believed to be volt- 
age-gated calcium channels. When the action potential 
spreads over the terminal, these channels open and 
allow large quantities of calcium to diffuse to the inte¬ 
rior of the terminal. The calcium ions in turn exert an 
attractive influence on the acetylcholine vesicles, 
drawing them to the neural membrane adjacent to the 
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Fi^re 25 — 1. Different views of the motor end- 
plate. A, Longitudinal section through the end- 
plate. B, Surface view of the end-plate. C, Electron 
micrographic appearance of the contact point be¬ 
tween one of the axon terminals and the muscle 
fiber membrane, representing the rectangular 
area shown in A. (From Fawcett, as modified from 
R. Couleaux: Bloom and Fawcett: A Textbook of 
Histology. Philadelphia, W. B. Saunders Company, 
1986.) 
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dense bars. Some of the vesicles fuse with the neural 
membrane and empty their acetylcholine into the syn¬ 
aptic trough by the process of exocytosis. 

Although some of the aforementioned details are 
still speculative, it is known that the effective stimulus 
for causing acetylcholine release from the vesicles is 
entry of calcium ions. Furthermore, the vesicles are 
emptied through the membrane adjacent to the dense 
bars. 

Effect of Acetylcholine to Open Acetylcholine- 
Gated Ion Channels. Figure 25-2 shows many ace¬ 
tylcholine receptors in the muscle membrane; these are 
actually acetylcholine-gated ion channels, located al¬ 
most entirely near the mouths of the subneural clefts 



Fi^re 25-2. Release of acetylcholine from synaptic vesicles at 
the neural membrane of the neuromuscular junction. .Note the 
close proximity of the release sites to the acetylcholine receptoi's 
at the mouths of the subneural clefts. 


lying immediately below the dense bar areas, where 
the acetylcholine vesicles empty into the synaptic 
trough. 

Each receptor is a large protein complex having a 
total molecular weight of 275,000. The complex is 
composed of five subunit proteins, which penetrate all 
the way through the membrane lying side by side in a 
circle to form a tubular channel. The channel remains 
constricted until acetylcholine attaches to one of the 
subunits. This causes a conformational change that 
opens the channel, as illustrated in Figure 25 - 3; the 
upper channel is closed, while the bottom one has been 
opened by attachment of an acetylcholine molecule. 

The acetylcholine channel has a diameter when 
open of about 0.65 nm, which is large enough to allow 
all the important positive ions—sodium (Na^), potas¬ 
sium (K‘'“), and calcium (Ca*^) — to move easily 
through the opening. On the other hand, negative 
ions, such as chloride ions, do not pass through be¬ 
cause of strong negative charges in the mouth of the 
channel. 

However, in practice, far more sodium ions flow 
through the acetylcholine channels than any other 
ions for two reasons. First, there are only two positive 
ions in great enough concentration to matter greatly, 
sodium ions in the extracellular fluid and potassium 
ions in the intracellular fluid. Second, the very nega¬ 
tive potential on the inside of the muscle membrane, 
— 80 to —90 mV, pulls the positively charged sodium 
ions to the inside of the fiber, while at the same time 
preventing the efflux of the potassium ions when they 
attempt to pass outward. 

Therefore, as illustrated in the lower panel of Figure 
25-3, the net effect of opening the acetylcholine¬ 
gated channels is to allow large numbers of sodium 
ions to pour to the inside of the fiber, carrying with 
them large numbers of positive charges. This creates a 
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Figure 25 — 3. The acetylcholine channel: Above, while in the 
closed state. Below, after acetylcholine has become attached and a 
conformational change has opened the channel, allowing excess 
sodium to enter the muscle fiber and excite contraction. Note the 
negative charges at the channel mouth that prevent passage of 
negative ions. 


local potential inside the fiber called the end-plate po¬ 
tential that initiates an action potential at the muscle 
membrane and thus causes muscle contraction. 

Destruction of the Released Acetylcholine by 
Acetylcholinesterase. The acetylcholine, once re¬ 
leased into the synaptic trough, continues to activate 
the acetylcholine receptors as long as it persists in the 
trough. However, it is rapidly removed by two means: 
(1) Most of the acetylcholine is destroyed by the en¬ 
zyme acetylcholinesterase that is attached mainly to the 
basal lamina, a spong>' layer of fine connective tissue 
that fills the synaptic trough between the presynaptic 
terminal and the postsynaptic muscle membrane. (2) A 
small amount diffuses out of the synaptic trough and is 
then no longer available to act on the muscle fiber 
membrane. 

Yet, the very short period of time that the acetylcho¬ 
line remains in the synaptic trough — a few millisec¬ 
onds at most—is almost always sufficient to excite the 
muscle fiber. Then the rapid removal of the acetylcho¬ 


line prevents muscle re-excitation after the fiber has 
recovered from the first action potential. 

The ''End-Plate Potential" and Excitation of the Skele¬ 
tal Muscle Fiber. The sudden insurgence of sodium ions into 
the muscle fiber when the acetylcholine channels open 
causes the membrane potential in the local area of the end- 
plate to increase in the positive direction as much as 50 to 
75 mV, creating a local potential called the end-plate potential 
If one recalls from Chapter 6 that a sudden increase in mem¬ 
brane potential of more than 15 to 30 mV is sufficient to 
initiate the positive feedback effect of sodium channel acti¬ 
vation, one can understand that the end-plate potential cre¬ 
ated by the acetylcholine stimulation is normally far greater 
than enough to initiate an action potential in the muscle 
fiber. 

Figure 25-4 illustrates the principle of an end-plate po¬ 
tential initiating the action potential. In this figure are shown 
three separate end-plate potentials. End-plate potentials A 
and C are too weak to elicit an action potential, but they do 
nevertheless give the weak local potentials recorded in the 
figure. In contrast, end-plate potential B is much stronger 
and causes sodium channels to activate so that the self- 
regenerative effect of more and more sodium ions flowing 
to the interior of the fiber initiated an action potential. The 
weak end-plate potential at point A was caused by poisoning 
the muscle fiber with curare, a drug that blocks the gating 
action of acetylcholine on the acetylcholine channels by 
competing with the acetylcholine for the acetylcholine re¬ 
ceptor site. The weak end-plate potential at point C resulted 
from the effect of botulinum toxin, a bacterial toxin that 
decreases the release of acetylcholine by the nerv'e terminals. 

"Safety Factor" for Transmission at the Neuromuscular 
Junction; Fatigue of the Junction. Ordinarily, each impulse 
that arrives at the neuromuscular junction causes about 3 to 
4 times as much end-plate potential as that required to stimu¬ 
late the muscle fiber. Therefore, the normal neuromuscular 
junction is said to have a very high safety factor. However, 
artificial stimulation of the nerve fiber at rates greater than 
100 times/sec for several minutes often diminishes the num¬ 
ber of vesicles of acetylcholine released with each impulse so 
much that impulses then fail to pass into the muscle fiber. 
This is called fatigue of the neuromuscular junction, and it is 
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Figure 25-4. End*plate potentials. A, A weakened end-plate 
potential recorded in a curarized muscle, too weak to elicit an 
action potential; B, normal end-plate potential eliciting a muscle 
action potential; and C, weakened end-plate potential caused by 
botulinum toxin that decreases end-plate release of acetylcholine, 
again too weak to elicit a muscle action potential. 
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analogous to fatigue of the synapse in the central nervous 
system. Under normal functioning conditions, fatigue of the 
neuromuscular junction probably occurs very rarely and 
even then only at the most exhausting levels of muscular 
activity. 


310LECVLAR BIOLOGY OF 
ACETYLCHOLIIYE FOBfiATtOIY AiX’D 
RELEASE 

Because the neuromuscular junction is large enough to be 
easily studied, it is one of the few synapses of the nervous 
system at which most of the details of chemical transmission 
have been worked out. The formation and release of acetyl¬ 
choline at this junction occurs in the following stages: 

1. Very small vesicles, about 40 nm in size, are formed by 
the Golgi apparatus in the cell body of the motoneuron in the 
spinal cord. These vesicles are then transported by "stream¬ 
ing" of the axoplasm through the core of the axon from the 
central cell body to the neuromuscular junction at the tips of 
the nerve fibers. About 300,000 of these small vesicles collect 
in the nerve terminals of a single end-plate. 

2. Acetylcholine is synthesized in the cytosol of the termi¬ 
nal nerve fibers but is then transported through the mem¬ 
branes of the vesicles to their interior, where it is stored in 
highly concentrated form, with about 10,000 molecules of 
acetylcholine in each vesicle. 

3. Under resting conditions, an occasional vesicle fuses 
with the surface membrane of the nerve terminal and re¬ 
leases its acetylcholine into the synaptic gutter. When this 
occurs, a so-called miniature end-plate potential, about 1 mV 
in intensity and lasting for a few milliseconds, occurs in the 
local area of the muscle fiber because of the action of this 
"packet" of acetylcholine. 

4. When an action potential arrives at the nerve terminal, 
this opens many calcium channels in the membrane of the 
terminal because this terminal has an abundance of voltage¬ 
gated calcium channels. As a result, the calcium ion concen¬ 
tration in the terminal increases about 100-fold, which in 
turn increases the rate of fusion of the acetylcholine vesicles 
with the terminal membrane about 10,000-fold. As each ves¬ 
icle fuses, its outer surface ruptures through the cell mem¬ 
brane, thus causing exocytosis of acetylcholine into the syn¬ 
aptic cleft. Usually about 200 to 300 vesicles rupture with 
each action potential. The acetylcholine is then split by ace¬ 
tylcholinesterase into acetate ion and choline, and the cho¬ 
line is actively reabsorbed back into the neural terminal to be 
reused in forming new acetylcholine. This entire sequence of 
events occurs in 5 to 10 msec. 

5. After each vesicle has released its acetylcholine, the 
membrane of the vesicle becomes part of the cell membrane. 
However, the number of vesicles available in the nerve end¬ 
ing is sufficient to allow transmission of only a few thousand 
nerve impulses. Therefore, for continued function of the 
neuromuscular junction, the vesicles need to be retrieved 
from the nerve membrane. Retrieval is achieved by the pro¬ 
cess of endocytosis. That is, a few seconds after the action 
potential is over, "coated pits" appear on the surface of the 
terminal nerve membrane, caused by contractile proteins of 
the cytosol, especially the protein cathrin, attaching under¬ 
neath the membrane in the areas of the original vesicles. 
Within about 20 sec, the proteins contract and cause the pits 
to break away to the interior of the membrane, thus forming 
new vesicles. Within another few seconds, acetylcholine is 
transported to the interior of these vesicles, and they are then 
ready for a new cycle of acetylcholine release. 


Drugs That Affect Transmission at the 
iXeuromuscular Junction 

Drugs That Stimulate the Muscle Fiber by Acetylcho¬ 
line-like Action. Many different compounds, including 
methacholine, carbachol, and nicotine, have the same effect on 
the muscle fiber as does acetylcholine. The difference be¬ 
tween these drugs and acetylcholine is that they are not 
destroyed by cholinesterase or are destroyed very slowly, so 
that when once applied to the muscle fiber the action persists 
for many minutes to several hours. These drugs work by 
causing localized areas of depolarization at the motor end- 
plate, where the acetylcholine receptors are located. Then, 
every time the muscle fiber becomes repolarized elsewhere, 
these depolarized areas, by virtue of their leaking ions, cause 
new action potentials, thereby causing a state of spasm. 

Drugs That Block Transmission at the Neuromuscular 
Junction. A group of drugs, known as the curariform drugs, 
can prevent passage of impulses from the end-plate into the 
muscle. Thus, D-tubocurarine affects the membrane by com¬ 
peting with acetylcholine for the receptor sites of the mem¬ 
brane, so that the acetylcholine cannot increase the perme¬ 
ability of the acetylcholine channels sufficiently to initiate a 
depolarization wave. 

Drugs That Stimulate the Neuromuscular Junction by 
Inactivating Acetylcholinesterase. Three particularly well- 
known drugs, neostigmine, physostigmine, and diisopropyl 
fluorophosphate, inactivate acetylcholinesterase so that the 
cholinesterase normally in the synapses will not hydrolyze 
the acetylcholine released at the end-plate. As a result, ace¬ 
tylcholine increases in quantity with successive nerve im¬ 
pulses so that extreme amounts of acetylcholine can accu¬ 
mulate and then repetitively stimulate the muscle fiber. This 
causes muscular spasm when even a few nerve impulses 
reach the muscle; this can cause death due to laryngeal 
spasm, which smothers the person. 

Neostigmine and physostigmine combine with acetylcho¬ 
linesterase to inactivate it for up to several hours, after which 
they are displaced from the acetylcholinesterase so that it 
once again becomes active. On the other hand, diisopropyl 
fluorophosphate, which has military potential as a very 
powerful "nerve" gas, actually inactivates acetylcholinester¬ 
ase for weeks, which makes this a particularly lethal drug. 


3IYASTHEi\tA GRAVIS 

The disease myasthenia gravis, which occurs in about 1 of 
every 20,000 persons, causes the person to become para¬ 
lyzed because of inability of the neuromuscular junctions to 
transmit signals from the nerve fibers to the muscle fibers. 
Pathologically, antibodies that attack the acetylcholine¬ 
gated transport proteins have been demonstrated in the 
blood of most of these patients. Therefore, it is believed that 
myasthenia gravis in most instances is an autoimmune dis¬ 
ease in which patients have developed antibodies against 
their own acetylcholine-activated ion channels. 

Regardless of the cause, the end-plate potentials devel¬ 
oped in the muscle fibers are too weak to stimulate the mus¬ 
cle fibers adequately. If the disease is intense enough, the 
patient dies of paralysis—in particular, of paralysis of the 
respiratory muscles. However, the disease can usually be 
ameliorated by administering neostigmine or some other 
anticholinesterase drug. This allows for more acetylcholine 
to accumulate in the synaptic cleft. Within minutes, some of 
these paralyzed persons can begin to function almost nor¬ 
mally. 
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m COIVTRACTIOIV OF SMOOTH 
MUSCLE 

In the previous chapter and first part of this chapter, 
the discussion has been concerned with skeletal mus¬ 
cle. We now turn to smooth muscle, which is com¬ 
posed of far smaller fibers—usually 2 to 5 jum in diam¬ 
eter and only 20 to 500 jum in length — in contrast to 
the skeletal muscle fibers that are as much as 20 times 
as large (in diameter) and thousands of times as long. 
Nevertheless, many of the principles of contraction 
apply to smooth muscle the same as to skeletal muscle. 
Most important, essentially the same attractive forces 
between myosin and actin filaments cause contraction 
in smooth muscle as in skeletal muscle, but the internal 
physical arrangement of smooth muscle fibers is en¬ 
tirely different, as we see subsequently. 


TYPES OF SYWOTH ftUSCLE 

The smooth muscle of each organ is distinctive from 
that of most other organs in several different ways: 
physical dimensions, organization into bundles or 
sheets, response to different types of stimuli, charac¬ 
teristics of innervation, and function. Yet, for the sake 
of simplicity, smooth muscle can generally be divided 
into two major types, which are illustrated in Figure 
25-5: multiunit smooth muscle and single-unit smooth 
muscle. 

Multiunit Smooth Muscle. This type of smooth 
muscle is composed of discrete smooth muscle fibers. 
Each fiber operates entirely independently of the 
others and is often innervated by a single nerve end¬ 
ing, as occurs for skeletal muscle fibers. Furthermore, 
the outer surfaces of these fibers, like those of skeletal 
muscle fibers, are covered by a thin layer of ''basement 
membrane-like" substance, a mixture of fine collagen 
and glycoprotein fibrillae that helps insulate the sepa¬ 
rate fibers from each other. 



Multi-unit smooth 
muscle 



B Small artery 

Single-unit smooth 
muscle 


Figure 25-5. Multiunit and single-unit smooth muscle. 


The most important characteristic of multiunit 
smooth muscle fibers is that each fiber can contract 
independently of the others, and their control is ex¬ 
erted mainly by nerve signals. This is in contrast to a 
major share of the control of visceral smooth muscle by 
non-nervous stimuli. An additional characteristic is 
that they rarely exhibit spontaneous contractions. 

Some examples of multiunit smooth muscle found 
in the body are the smooth muscle fibers of the ciliary 
muscle of the eye, the iris of the eye, the nictitating 
membrane that covers the eyes in some lower animals, 
and the piloerector muscles that cause erection of the 
hairs when stimulated by the sympathetic nervous 
system. 

Single-Unit Smooth Muscle. The term "single¬ 
unit" is confusing because it does not mean single 
muscle fibers. Instead, it means a whole mass of hun¬ 
dreds to millions of muscle fibers that contract together 
as a single unit. The fibers are usually aggregated into 
sheets or bundles, and their cell membranes are adher¬ 
ent to each other at multiple points so that force gener¬ 
ated in one muscle fiber can be transmitted to the next. 
In addition, the cell membranes are joined by many 
gap junctions through which ions can flow freely from 
one cell to the next so that action potentials travel from 
one fiber to the next and cause the muscle fibers all to 
contract together. This type of smooth muscle is also 
known as syncytial smooth muscle because of its inter¬ 
connections among fibers. Because such muscle is 
found in the walls of most viscera of the body — 
including the gut, the bile ducts, the ureters, the uterus, 
and many blood vessels—it is also often called visceral 
smooth muscle. 


THE COMTRACTiLE PROCESS /jV 
SHOOTH MUSCLE 

The Chemical Basis for Smooth Muscle 
Contraction 

Smooth muscle contains both actin and myosin fila¬ 
ments, having chemical characteristics similar to but 
not exactly the same as those of the actin and myosin 
filaments in skeletal muscle. However, it does not con¬ 
tain troponin, so that the mechanism for control of 
contraction is entirely different. This is discussed in 
detail in a subsequent section of this chapter. 

Chemical studies have shown that actin and myosin 
derived from smooth muscle interact with each other 
in much the same way that this occurs for actin and 
myosin derived from skeletal muscle. Furthermore, the 
contractile process is activated by calcium ions, and 
adenosine triphosphate (ATP) is degraded to adeno¬ 
sine diphosphate (ADP) to provide the energy for con¬ 
traction. 

On the other hand, there are major differences be¬ 
tween the physical organization of smooth muscle and 
that of skeletal muscle as well as differences in excita¬ 
tion-contraction coupling, control of the contractile 
process by calcium ions, duration of contraction, and 
amount of energy required for the contractile process. 
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The Physical Basis for Smooth Muscle 
Contraction 

Smooth muscle does not have the same striated ar¬ 
rangement of the actin and myosin filaments as that 
found in skeletal muscle. For a long time, it was impos¬ 
sible to discern even in electron micrographs any spe¬ 
cific organization in the smooth muscle cell that could 
account for contraction. However, recent special elec¬ 
tron micrographic techniques suggest the physical or¬ 
ganization illustrated in Figure 25-6. This shows large 
numbers of actin filaments attached to so-called dense 
bodies. Some of these bodies are attached to the cell 
membrane. Others are dispersed inside the cell and are 
held in place by a scaffold of structural proteins linking 
one dense body to another. Note in Figure 25-6 that 



Fij^ure 25 — 6. Physical structure of smooth muscle. The upper 
left-hand fiber shows actin filaments radiating from ’’dense 
bodies.” The lower fiber in the right-hand insert demonstrates the 
relationship of myosin filaments to the actin filaments. 


some of the membrane dense bodies of adjacent cells 
are also bonded together by intracellular protein 
bridges. It is mainly through these bonds that the force 
of contraction is transmitted from one cell to the next. 

Interspersed among the many actin filaments in the 
muscle fiber are a few myosin filaments. These have a 
diameter over two times as great as that of the actin 
filaments. When seen in electron micrographic cross- 
section, one usually finds about 15 times as many actin 
filaments as myosin filaments. Part of this difference is 
caused by the fact that the ratio of actin filament length 
to myosin filament length in smooth muscle is much 
greater than in skeletal muscle. Therefore, the proba¬ 
bility of seeing excess actin filaments is increased. Nev¬ 
ertheless, one is impressed by the relative sparsity of 
myosin filaments with respect to actin filaments. 

To the right in Figure 25-6 is the postulated struc¬ 
ture of individual contractile units within smooth 
muscle cells, showing large numbers of actin filaments 
radiating from two dense bodies; these filaments over¬ 
lap a single myosin filament located midway between 
the dense bodies. Obviously, this contractile unit is 
similar to the contractile unit of skeletal muscle but 
without the regularity of the skeletal muscle structure; 
in fact, the dense bodies of smooth muscle serve the 
same role as the Z discs in skeletal muscle. 

Comparison of Smooth .Muscle 
Contraction uith Skeletal .Muscle 
Contraction 

Although most skeletal muscle contracts rapidly, most 
smooth muscle contraction provides prolonged tonic 
contraction, often lasting hours or even days. There¬ 
fore, it is to be expected that both the physical and the 
chemical characteristics of smooth muscle versus skel¬ 
etal muscle contraction would differ. The following are 
some of the differences: 

Slow Cycling of the Cross-Bridges. The rapidity of 
cycling of the cross-bridges in smooth muscle — that 
is, their attachment to actin, then release from the 
actin, and attachment again for the next cycle — is 
much, much slower in smooth muscle than in skeletal 
muscle, in fact as little as Vio to Vaoo the frequency in 
skeletal muscle. Yet, the fraction of time that the cross¬ 
bridges remain attached to the actin filaments, which is 
the major factor that determines the force of contrac¬ 
tion, is believed to be very greatly increased in smooth 
muscle. A possible reason for the slow cycling is that 
the cross-bridge heads have far less ATPase activity 
than that in skeletal muscle, so that degradation of the 
ATP that energizes the movements of the heads is 
greatly reduced, with corresponding slowing of the 
rate of cycling. 

Energy Required to Sustain Smooth Muscle Con¬ 
traction. Only Vio to Vsoo as much energy is required to 
sustain the same tension of contraction in smooth 
muscle as in skeletal muscle. This, too, is believed to 
result because of the very slow attachment cycling of 
the cross-bridges and because only one molecule of 
ATP is required for each cycle regardless of its dura¬ 
tion. 
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This economy of energy utilization by smooth mus¬ 
cle is exceedingly important to the overall energy econ¬ 
omy of the body because organs, such as the intestines, 
the urinar}’ bladder, the gallbladder, and other viscera 
must maintain tonic muscle contraction on a daily 
basis. 

Slowness of Onset of Contraction and Relaxation 
of Smooth Muscle. A typical smooth muscle tissue 
begins to contract 50 to 100 msec after it is excited, 
reaches full contraction about V 2 sec later, and then 
declines in contractile force in another 1 to 2 sec, giving 
a total contraction time of 1 to 3 sec. This is about 30 
times as long as a single contraction of an average 
skeletal muscle. However, because of the many differ¬ 
ent types of smooth muscle, contraction of some types 
can be as short as 0.2 sec or as long as 30 sec. 

The slow onset of contraction in smooth muscle as 
well as the prolonged contraction is probably caused 
by the slowness of attachment and detachment of the 
cross-bridges. In addition, the initiation of contraction 
in response to calcium ions, called the excitation-con- 
traction coupling mechanism, is much slower than in 
skeletal muscle, as we discuss later. 

Force of Muscle Contraction. Despite the relatively 
few myosin filaments in smooth muscle and despite 
the slow cycling time of the cross-bridges, the maxi¬ 
mum force of contraction of smooth muscle is often 
even greater than that of skeletal muscle — as great as 
4 to 6 kg/cm^ cross-sectional area for smooth muscle in 
comparison with 3 to 4 kg for skeletal muscle. This 
great force of attraction is postulated to result from the 
prolonged period of attachment of the myosin cross¬ 
bridges to the actin filaments. 

Percentage Shortening of Smooth Muscle During 
Contraction. A characteristic of smooth muscle that is 
different from skeletal muscle is its ability to shorten a 
far greater percentage of its length than can skeletal 
muscle while still maintaining almost full force of con¬ 
traction. Skeletal muscle has a useful distance of con¬ 
traction of only about one third its stretched length, 
whereas smooth muscle can often contract quite effec¬ 
tively more than two thirds its stretched length. This 
allows smooth muscle to perform especially important 
functions in the hollow viscera, allowing the gut, the 
bladder, the blood vessels, and other internal bodily 
structures to change their lumen diameters from very 
large down to almost zero. 

Why this difference between smooth muscle and 
skeletal muscle? The answer to this is not completely 
known, but there appear to be two probable reasons. 
First, it is likely that some contractile units of smooth 
muscle have optimal overlapping of their actin and 
myosin filaments at one length of the muscle and 
others at other lengths, rather than all of these being 
synchronized together, as usually occurs in skeletal 
muscle. Therefore, a greater distance of contraction 
can be achieved. Second, the actin filaments in smooth 
muscle are much longer than those in skeletal muscle. 
Therefore, these filaments can be pulled along the 
myosin filaments for a much greater distance during 
smooth muscle contraction than occurs in skeletal 
muscle contraction. 


REGULATIOX OF CO\TiClCTlO\ BY 
CALCILLM lOXS 

As is true for skeletal muscle, the initiating event in 
most smooth muscle contraction is an increase in in¬ 
tracellular calcium ions. This increase can be caused by 
nerv^e stimulation of the smooth muscle fiber, hor¬ 
monal stimulation, stretch of the fiber, or even changes 
in the chemical environment of the fiber. 

Yet, smooth muscle does not contain troponin, the 
regulatory protein that is activated by calcium ions to 
cause skeletal muscle contraction. Instead, smooth 
muscle contraction is activated by an entirely different 
mechanism, as follows: 

Combination of Calcium Ions with "Calmod¬ 
ulin"— Activation of Myosin Kinase and Phos¬ 
phorylation of the Myosin Head. In place of tro¬ 
ponin, smooth muscle cells contain large quantities 
of another regulatory protein called calmodulin. Al¬ 
though this protein is similar to troponin in that it 
reacts with four calcium ions, it is different in the man¬ 
ner in which it initiates the contraction. Calmodulin 
does this by activating the myosin cross-bridges. This 
activation and subsequent contraction occurs in the 
following sequence: 

1. The calcium ions bind with calmodulin. 

2. The calmodulin-calcium combination then joins 
with and activates myosin kinase, a phosphor\4ating 
enzyme. 

3. One of the light chains of each myosin head, 
called the regulatory chain, becomes phosphorylated in 
response to the myosin kinase. When this chain is not 
phosphorylated, the attachment-detachment cycling 
of the head will not occur. But, when the regulatory 
chain is phosphorylated, the head has the capability of 
binding with the actin filament and proceeding 
through the entire cycling process, thus causing mus¬ 
cle contraction. 

Cessation of Contraction — Role of "Myosin 
Phosphatase." When the calcium ion concentration 
falls below a critical level, the aforementioned pro¬ 
cesses all automatically reverse except for the phos¬ 
phorylation of the myosin head. Reversal of this re¬ 
quires another enzyme, myosin phosphatase, which 
splits the phosphate from the regulatory light chain. 
Then, the cycling stops and the contraction ceases. The 
time required for relaxation of muscle contraction, 
therefore, is determined to a great extent by the 
amount of active myosin phosphatase in the cell. 


■ i\EURAL Ai\D HORMOXAL 
COXTROL OF SMOOTH 
MUSCLE COXTRACTIOX 

Although skeletal muscle is activated exclusively by 
the nervous system, smooth muscle can be stimulated 
to contract by multiple types of signals: by nervous 
signals, by hormonal stimulation, and in several other 
ways. The principal reason for the difference is that the 
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smooth muscle membrane contains many different 
types of receptor proteins that can initiate the contract¬ 
ile process. Still other receptor proteins inhibit smooth 
muscle contraction, which is another difference from 
skeletal muscle. Therefore, in this section, we discuss, 
first, neural control of smooth muscle contraction, fol¬ 
lowed by hormonal control and other means of con¬ 
trol. 


DIEVROMVSCVLAR JIJIVCTIOIVS OF 
SmOOTH 3WSCLE 

Physiologic Anatomy of Smooth Muscle Neuro¬ 
muscular Junctions. Neuromuscular junctions of the 
type found on skeletal muscle fibers do not occur in 
smooth muscle. Instead, the autonomic nerve fibers that 
innervate smooth muscle generally branch diffusely 
on top of a sheet of muscle fibers, as illustrated in 
Figure 25-7. In most instances, these fibers do not 
make direct contact with the smooth muscle fibers at 
all but instead form so-called diffuse junctions that se¬ 
crete their transmitter substance into the interstitial 
fluid from a few nanometers to a few microns away 
from the muscle cells; the transmitter substance then 
diffuses to the cells. Furthermore, where there are 
many layers of muscle cells, the nerve fibers often in¬ 
nervate only the outer layer, and the muscle excitation 
then travels from this outer layer to the inner layers by 
action potential conduction in the muscle mass or by 
subsequent diffusion of the transmitter substance. 

The axons innervating smooth muscle fibers also do 
not have typical branching end-feet of the type in the 
motor end-plate on skeletal muscle fibers. Instead, 
most of the fine terminal axons have multiple varicosi¬ 
ties distributed along their axes. At these points the 
Schwann cells are interrupted so that transmitter sub¬ 
stance can be secreted through the walls of the varicos¬ 
ities. In the varicosities are vesicles similar to those in 
the skeletal muscle end-plate containing transmitter 
substance. However, in contrast to the vesicles of skel¬ 
etal muscle junctions that contain only acetylcholine, 
the vesicles of the autonomic nerve fiber endings con¬ 



tain acetylcholine in some fibers and norepinephrine in 
others. 

In a few instances, particularly in the multiunit type 
of smooth muscle, the varicosities lie directly on the 
muscle fiber membrane with a separation from this 
membrane of as little as 20 to 30 nm — the same width 
as the synaptic cleft that occurs in the skeletal muscle 
junction. These contact junctions function in much the 
same way as the skeletal muscle neuromuscular junc¬ 
tion, and the latent period of contraction of these 
smooth muscle fibers is considerably shorter than of 
fibers stimulated by the diffuse junctions. 

Excitatory and Inhibitory Transmitter Substances 
at the Smooth Muscle Neuromuscular Junction. Two 
different transmitter substances known to be secreted 
by the autonomic nerves innervating smooth muscle 
are acetylcholine and norepinephrine. Acetylcholine is 
an excitatory transmitter substance for smooth muscle 
fibers in some organs but an inhibitory substance for 
smooth muscle in other organs. When acetylcholine 
excites a muscle fiber, norepinephrine ordinarily in¬ 
hibits it. Conversely, when acetylcholine inhibits a 
fiber, norepinephrine usually excites it. 

But why these different responses? The answer is 
that both acetylcholine and norepinephrine excite or 
inhibit smooth muscle by first binding with a receptor 
protein on the surface of the muscle cell membrane. 
This receptor in turn controls the opening or closing of 
ion channels or controls some other means for activat¬ 
ing or inhibiting the smooth muscle fiber. Further¬ 
more, some of the receptor proteins are excitatory re¬ 
ceptors, whereas others are inhibitory receptors. Thus, it 
is the type of receptor that determines whether the 
smooth muscle will be inhibited or excited and also 
determines which of the two transmitters, acetylcho¬ 
line or norepinephrine, will be effective in causing the 
excitation or inhibition. These receptors are discussed 
in more detail in Chapter 22 in relation to the function 
of the autonomic nervous system. 


illEiflBRAME POTEIMTMALS AND ACTION 
POTENTIALS IN SMOOTH MUSCLE 

Membrane Potentials in Smooth Muscle. The 
quantitative value of the membrane potential of 
smooth muscle is variable from one type of smooth 
muscle to another, and it also depends on the momen¬ 
tary condition of the muscle. However, in the normal 
resting state, the membrane potential is usually about 
— 50 to — 60 mV, or about 30 mV less negative than in 
skeletal muscle. 

Action Potentials in Single-Unit Smooth Muscle. 
Action potentials occur in single-unit smooth muscle 
in the same way that they occur in skeletal muscle. 
However, action potentials do not normally occur in 
many if not most multiunit types of smooth muscle, as 
is discussed in a subsequent section. 

The action potentials of visceral smooth muscle 
occur in two different forms: (1) spike potentials and 
(2) action potentials with plateaus. 
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Spike Potentials. Typical spike action potentials, 
such as those seen in skeletal muscle, occur in most 
types of single-unit smooth muscle. The duration of 
this type of action potential is 10 to 50 msec, as illus¬ 
trated in Figure 25-8A and B. Such action potentials 
can be elicited in many ways, such as by electrical 
stimulation, by the action of hormones on the smooth 
muscle, by the action of transmitter substances from 
nerve fibers, or as a result of spontaneous generation in 
the muscle fiber itself, as discussed subsequently. 

Action Potentials With Plateaus. Figure 25-8C il¬ 
lustrates an action potential with a plateau. The onset 
of this action potential is similar to that of the typical 
spike potential. However, instead of rapid repolariza¬ 
tion of the muscle fiber membrane, the repolarization 
is delayed for several hundred to several thousand 
milliseconds. The importance of the plateau is that it 
can account for the prolonged periods of contraction 
that occur in some types of smooth muscle, such as the 
ureter, the uterus under some conditions, and some 
types of vascular smooth muscle. (Also, this is the type 
of action potential seen in cardiac muscle fibers that 
have a prolonged period of contraction, as we discuss 
in the next two chapters.) 

Importance of Calcium Channels in Generating the 
Smooth Muscle Action Potential. The smooth muscle 




Fij^ure 25-8. A, Typical smooth muscle action potential (spike 
potential) elicited by an external stimulus. B, Repetitive spike po¬ 
tentials elicited by slow rhythmical electrical waves that occur 
spontaneously in the smooth muscle of the intestinal wall. C, An 
action potential with a plateau recorded from a smooth muscle 
fiber of the uterus. 


cell membrane has far more voltage-gated calcium 
channels than does skeletal muscle but very, very few 
voltage-gated sodium channels. Therefore, sodium 
participates very little if any in the generation of the 
action potential in most smooth muscle. Instead, the 
flow of calcium ions to the interior of the fiber is mainly 
responsible for the action potential. This occurs in the 
same self-regenerative way as occurs for the sodium 
channels in nerve fibers and in skeletal muscle fibers. 
However, calcium channels open many times more 
slowly than do sodium channels. This accounts in large 
measure for the slow action potentials of smooth mus¬ 
cle fibers. 

Another important feature of calcium entry into the 
cells during the action potential is that this same cal¬ 
cium acts directly on the smooth muscle contrachle 
mechanism to cause contraction, as discussed earlier. 
Thus, the calcium performs two tasks at once. 

Slow Wave Potentials in Single-Unit Smooth 
Muscle and Spontaneous Generation of Action Po¬ 
tentials. Some smooth muscle is self-excitatory. That 
is, action potentials arise within the smooth muscle 
itself without an extrinsic stimulus. This is usually as¬ 
sociated with a basic slow wave rhythm of the mem¬ 
brane potential. A typical slow wave of this type in the 
visceral smooth muscle of the gut is illustrated in Fig¬ 
ure 25-8B. The slow wave itself is not an action po¬ 
tential. It is not a self-regenerative process that spreads 
progressively over the membranes of the muscle fi¬ 
bers. Instead, it is a local property of the smooth mus¬ 
cle fibers that make up the muscle mass. 

The cause of the slow wave rhythm is unknown; one 
suggestion is that the slow waves are caused by waxing 
and waning of the pumping of sodium ions outward 
through the muscle fiber membrane; the membrane 
potential becomes more negative when sodium is 
pumped rapidly and less negative when the sodium 
pump becomes less active. Another suggestion is that 
the conductances of the ion channels increase and de¬ 
crease rhythmically. 

The importance of the slow waves lies in the fact that 
they can initiate action potentials. The slow waves 
themselves cannot cause muscle contraction, but when 
the potential of the slow wave rises above the level of 
approximately —35 mV (the approximate threshold 
for eliciting action potentials in most visceral smooth 
muscle), an action potential develops and spreads over 
the muscle mass, and then contraction does occur. Fig¬ 
ure 25 - 8B illustrates this effect, showing that at each 
peak of the slow wave, one or more action potentials 
occur. This effect can obviously promote a series of 
rhythmical contractions of the smooth muscle mass. 
Therefore, the slow waves are frequently called pace¬ 
maker waves. This type of activity controls the rhyth¬ 
mical contractions of the gut. 

Excitation of Visceral Smooth Muscle by Stretch. 
When visceral (single-unit) smooth muscle is stretched 
sufficiently, spontaneous action potentials are usually 
generated. These result from a combination of the nor¬ 
mal slow wave potentials plus a decrease in the nega¬ 
tivity of the membrane potential caused by the stretch 
itself. This response to stretch allows a hollow organ 
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that is excessively stretched to contract automatically 
and therefore to resist the stretch. For instance, when 
the gut is overstretched by intestinal contents, a local 
automatic contraction often sets up a peristaltic wave 
that moves the contents away from the excessively 
stretched intestine. 

Depolarization of Multiunit Smooth Muscle 
Without Action Potentials. The smooth muscle fibers 
of multiunit smooth muscle normally contract mainly 
in response to nerve stimuli. The nerve endings secrete 
acetylcholine in the case of some multiunit smooth 
muscles and norepinephrine in the case of others. In 
both instances, these transmitter substances cause de¬ 
polarization of the smooth muscle membrane, and this 
response in turn elicits the contraction. However, ac¬ 
tion potentials most often do not develop. The reason 
for this is that the fibers are too small to generate an 
action potential. (When action potentials are elicited in 
visceral single-unit smooth muscle, as many as 30 to 40 
smooth muscle fibers must depolarize simultaneously 
before a self-propagating action potential ensues.) Yet, 
even without an action potential in the multiunit 
smooth muscle fibers, the local depolarization, called 
the "junctional potential," caused by the nerve trans¬ 
mitter substance itself spreads "electrotonically" over 
the entire fiber and is all that is needed to cause the 
muscle contraction. 


SMOOTH MUSCLE COiXTRACTIOX 
WITHOUT ACTWX POTEXTIALS — 

EFFECT OF LOCAL TISSUE FACTORS 
AXD HORMOXES 

Probably half or more of all smooth muscle contraction 
is initiated not by action potentials but by stimulatory 
factors acting directly on the smooth muscle contractile 
machinery. The two types of non-nervous and nonac¬ 
tion potential stimulating factors most often involved 
are (1) local tissue factors and (2) various hormones. 

Smooth Muscle Contraction in Response to Local 
Tissue Factors. For instance, let us discuss the control 
of contraction of the arterioles, meta-arterioles, and 
precapillary sphincters. The smaller of these vessels 
have little or no nervous supply. Yet, the smooth mus¬ 
cle is highly contractile, responding rapidly to changes 
in local conditions in the surrounding interstitial fluid. 
In this way, a powerful local feedback control system 
controls the blood flow to the local tissue area. Some of 
the specific control factors are as follows: 

1. Lack of oxygen in the local tissues causes smooth 
muscle relaxation and therefore vasodilatation. 

2. Excess carbon dioxide causes vasodilatation. 

3. Increased hydrogen ion concentration also 
causes increased vasodilatation. 

Such factors as adenosine, lactic acid, increased po¬ 
tassium ions, diminished calcium ion concentration, 
and decreased body temperature also cause local vaso¬ 
dilatation. 

Effects of Hormones on Smooth Muscle Contrac¬ 
tion. Most of the circulating hormones in the body 


affect smooth muscle contraction at least to some de¬ 
gree, and some have very profound effects. Some of 
the more important blood-bome hormones that affect 
contraction are norepinephrine, epinephrine, acetylcho¬ 
line, angiotensin, vasopressin, oxytocin, serotonin, and 
histamine. 

A hormone causes contraction of smooth muscle 
when the muscle cell membrane contains hormone¬ 
gated excitatory receptors for the respective hormone. 
However, the hormone causes inhibition instead of 
contraction if the membrane contains inhibitory recep¬ 
tors rather than excitatory receptors. 


SOURCE OF CALCIUM lOXS THAT 
CAUSE COXTRACTIOX ROTH 
THROUGH THE CELL MEMRRAXE 
AXD FROM THE SARCOPLASMIC 
RETICULUM 

Although the contractile process in smooth muscle, as 
in skeletal muscle, is activated by calcium ions, the 
source of the calcium ions differs at least partly in 
smooth muscle; the difference is that the sarcoplasmic 
reticulum, from which virtually all the calcium ions are 
derived in skeletal muscle contraction, is often only 
rudimentary in most smooth muscle. Instead, in most 
types of smooth muscle, almost all the calcium ions 
that cause contraction enter the muscle cell from the 
extracellular fluid at the time of the action potential. 
There is a reasonably high concentration of calcium 
ions in the extracellular fluid, greater than 10”^ M in 
comparison with less than 10“^ M in the cell sarco¬ 
plasm, and as was pointed out earlier, the smooth 
muscle action potential is caused mainly by influx of 
calcium ions into the muscle fiber. Because the smooth 
muscle fibers are extremely small (in contrast to the 
sizes of the skeletal muscle fibers), these calcium ions 
can diffuse to all parts of the smooth muscle and elicit 
the contractile process. The time required for this dif¬ 
fusion to occur is usually 200 to 300 msec and is called 
the latent period before the contraction begins; this la¬ 
tent period is some 50 times as great as that for skeletal 
muscle contraction. 

Still additional calcium can enter the smooth muscle 
fiber via hormone-activated calcium channels; these, 
too, cause contraction. Usually, the opening of these 
channels does not cause an action potential, and some¬ 
times not much change in the resting membrane po¬ 
tential either, because the sodium pump in the cell 
membrane pumps enough sodium ions to the exterior 
to maintain an almost normal membrane potential. 
Even so, contraction continues as long as these calcium 
channels remain open because it is calcium ions, not a 
change in membrane potential, that cause contraction. 
This is one means by which contraction is achieved 
in smooth muscle without significant change in cell 
membrane potential. 

Role of the Sarcoplasmic Reticulum. Some smooth 
muscle contains a moderately developed sarcoplasmic 
reticulum. Figure 25-9 shows an example, illustrating 
separate sarcoplasmic tubules that lie near the cell 
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Figtire 25-9. Sarcoplasmic tubules in a smooth muscle fiber, 
showing their relationship to invaginations in the cell membranes 
called caveoli. 


membrane. Small invaginations of the membrane, 
called caveoli abut against the surfaces of these tu¬ 
bules. The caveoli are believed to represent a rudimen¬ 
tary analog of the T tubule system of skeletal muscle. 
When an action potential is transmitted into the ca¬ 
veoli invaginations, this seems to excite calcium ion 
release from the sarcoplasmic tubules in the same way 
that action potentials in skeletal muscle T tubules also 
cause release of calcium ions. 

In general, the more extensive the sarcoplasmic re¬ 
ticulum in the smooth muscle fiber, the more rapidly it 
contracts, presumably because calcium entry through 
the cell membrane is much slower than internal release 
of calcium ions from the sarcoplasmic reticulum. 

Effect of Extracellular Calcium Ion Concentration 
on Smooth Muscle Contraction. Although the extra¬ 
cellular fluid calcium ion concentration has almost no 
effect on the force of contraction of skeletal muscle, 
this is not true for most smooth muscle. When the 
extracellular fluid calcium ion concentration falls to a 
low level, smooth muscle contraction usually almost 
ceases. In fact, after several minutes of being immersed 
in a low calcium medium, even the sarcoplasmic retic¬ 
ulum of smooth muscle fibers loses its calcium supply. 
Therefore, the force of contraction of smooth muscle is 
highly dependent on the extracellular fluid calcium ion 
concentration. We see in the following chapter that 
this is also true for cardiac muscle. 

The Calcium Pump. To cause relaxation of the 
smooth muscle contractile elements, it is necessary to 
remove the calcium ions. This removal is achieved by 
calcium pumps that pump the calcium ions out of the 


smooth muscle fiber back into the extracellular fluid or 
pump the calcium ions into the sarcoplasmic reticu¬ 
lum. However, these pumps are very slow acting in 
comparison with the fast-acting sarcoplasmic reticu¬ 
lum pump in skeletal muscle. TTierefore, the duration 
of smooth muscle contraction is often in the order of 
seconds rather than hundredths to tenths of a second, 
as occurs for skeletal muscle. 
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The Heart: Its Rhythmieal 
E^eitation and JVervous 
Control 


The heart is a muscular organ. Like other muscles of 
the body, it is, in a sense, an extension of the nervous 
system, for its pumping function is at least partly con¬ 
trolled by nerv^es. 

To perform its pumping function, the heart is di¬ 
vided into four separate chambers, as illustrated in 
Figure 26-1. The right and left atria pump blood into 
the right and left ventricles, respectively. The right 
ventricle then pumps blood through the lungs, and the 
left ventricle pumps blood through the remainder of 
the body. 

The atria actually function as ''primer" pumps for 
the ventricles. Normally, they contract about one sixth 
of a second ahead of the ventricles, thus allowing time 
for extra blood to enter the ventricles prior to their 
contraction; this greatly increases the effectiveness of 
ventricular pumping. 

The complexity of the heart's pumping cycle re¬ 
quires both rhythmical control of the heart beat and 
special timing mechanisms for sequential control of 
the atria and the ventricles. Furthermore, the rate of 
rhythmicity, as well as the strength of heart beat, can 
be increased or decreased by signals from the central 
nervous system. These control mechanisms will be ex¬ 
plained later in the chapter. However, first, let us dis¬ 
cuss the basic physiology of cardiac muscle itself, espe¬ 
cially how it differs from skeletal muscle, which was 
discussed in Chapter 24. 


■ PHYSIOLOGY OF CARDIAC 
MUSCLE 

The heart is composed of three major types of cardiac 
muscle: atrial muscle, ventricular muscle, and special¬ 
ized excitatory and conductive muscle fibers. The atrial 
and ventricular types of muscle contract in much the 


same way as skeletal muscle except that the duration of 
contraction is much longer. On the other hand, the 
specialized excitatory and conductive fibers contract 
only feebly because they contain few contractile fibrils; 
instead, they exhibit rhythmicity and varying rates of 
conduction, providing an excitatory system for the 
heart and a transmission system for controlled con¬ 
duction of the cardiac excitatory signal throughout the 
heart. 


Pm'SIOLOGIC AiXATO.m OF CARDIAC 
.mSCLE 

Figure 26-2 illustrates a typical histological picture of car¬ 
diac muscle, showing the cardiac muscle fibers arranged in a 
latticework, the fibers dividing, then recombining, and then 
spreading again. One notes immediately from this figure that 
cardiac muscle is striated in the same manner as typical skele¬ 
tal muscle. Furthermore, cardiac muscle has typical myofi¬ 
brils that contain actin and myosin filaments almost identical 
to those found in skeletal muscle, and these filaments inter- 
digitate and slide along each other during the process of 
contraction in the same manner as occurs in skeletal muscle. 
(See Chapter 24.) 

Cardiac Muscle as a Syncytium. The angulated dark 
areas crossing the cardiac muscle fibers in Figure 26-2 are 
called intercalated discs; they are actually cell membranes 
that separate individual cardiac muscle cells from each other. 
That is, cardiac muscle fibers are made up of many individ¬ 
ual cells connected in series with each other. Yet electrical 
resistance through the intercalated disc is only V400 the resist¬ 
ance through the outside membrane of the cardiac muscle 
fiber because the cell membranes fuse with each other and 
form very permeable '"communicating" junctions (gap junc¬ 
tions) that allow relatively free diffusion of ions. Therefore, 
from a functional point of view, ions move with ease along 
the axes of the cardiac muscle fibers, so that action potentials 
travel from one cardiac muscle cell to another, past the inter¬ 
calated discs, with only slight hindrance. Therefore, cardiac 
muscle is a syncytium of many heart muscle cells, in which 
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I Head and Upper Extremity 



I Trunk and L ower Extremity ] 

Figure 26 — 1. Structure of the heart and course of blood flow 
through the heart chambers. 


the cardiac cells are so interconnected that when one of these 
cells becomes excited, the action potential spreads to all of 
them, spreading from cell to cell and spreading throughout 
the latticework interconnections. 

The heart is composed of two separate syncytiums: the 
atrial syncytium that constitutes the walls of the two atria and 
the ventricular syncytium that constitutes the walls of the two 
ventricles. The atria are separated from the ventricles by 
fibrous tissue that surrounds the valvular openings between 
the atria and ventricles. Normally, action potentials can be 
conducted from the atrial syncytium into the ventricular 
syncytium only by way of a specialized conductive system, 
the A-V bundle, which is discussed in detail in the following 
chapter. This division of the muscle mass of the heart into 
two separate functional syncytiums allows the atria to con- 



Figure 26 — 2. The “syucyiial,” inlerconnecling nature of car¬ 
diac muscle. 


tract a short time ahead of ventricular contraction, which is 
important for the effectiveness of heart pumping. 


ACTIOiX POTEiXTlALS hX CARDIAC 
MUSCLE 

The resting membrane potential of normal cardiac mus¬ 
cle is approximately —85 to —95 mV and approxi¬ 
mately —90 to —100 mV in the specialized conductive 
fibers, the Purkinje fibers, which are discussed in the 
following chapter. 

The action potential recorded in ventricular mus¬ 
cle, shown by the bottom record of Figure 26-3, is 
105 mV, which means that the membrane potential 
rises from its normally very negative value to a slightly 
positive value of about + 20 mV. The positive portion 
is called the overshoot potential Then, after the initial 
spike, the membrane remains depolarized for about 0.2 
sec in atrial muscle and about 0.3 sec in ventricular 
muscle, exhibiting a plateau as illustrated in Figure 
26-3, followed at the end of the plateau by abrupt 
repolarization. The presence of this plateau in the ac¬ 
tion potential causes muscle contraction to last 3 to 15 
times as long in cardiac muscle as in skeletal muscle. 

At this point, we must ask the question: Why is the 
action potential of cardiac muscle so long, and why 
does it have a plateau, whereas that of skeletal muscle 
does not? The basic biophysical answers to these ques¬ 
tions are presented in Chapters 5 and 6, but they merit 
summarizing again. 

At least two major differences between the mem¬ 
brane properties of cardiac and skeletal muscle ac¬ 
count for the prolonged action potential and the pla¬ 
teau in cardiac muscle. 

First, the action potential of skeletal muscle is caused 
almost entirely by sudden opening of large numbers of 
so-called fast sodium channels that allow tremendous 
numbers of sodium ions to enter the skeletal muscle 
fiber. These channels are called "Tast" channels be- 



Figure 26-3. Rhythmic action potentials from a Purkinje fiber 
and from a x entricular muscle fiber, recorded by means of micro¬ 
electrodes. 
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cause they remain open for only a few 10,000ths of a 
second and then abruptly close. At the end of this 
closure, the process of repolarization occurs, and the 
action potential is over within another 10,000th of a 
second or so. In cardiac muscle, on the other hand, the 
action potential is caused by the opening of two types 
of channels: (1) the same fast sodium channels as those 
in skeletal muscle and (2) another entire population of 
so-called slow calcium channels, also called calcium- 
sodium channels. This second population of channels 
differs from the fast sodium channels in being slower 
to open, but, more importantly, they remain open for 
several tenths of a second. During this time, large 
amounts of both calcium and sodium ions flow 
through these channels to the interior of the cardiac 
muscle fiber, and this maintains a prolonged period of 
depolarization, causing the plateau in the action po¬ 
tential. Furthermore, the calcium ions that enter the 
muscle during this action potential play an important 
role in helping excite the muscle contractile process, 
which is another difference between cardiac muscle 
and skeletal muscle, as we discuss later in this chapter. 

The second major functional difference between 
cardiac muscle and skeletal muscle that helps account 
for both the prolonged action potential and its plateau 
is this: Immediately after the onset of the action poten¬ 
tial, the permeability of the cardiac muscle membrane 
for potassium decreases about fivefold, an effect that 
does not occur in skeletal muscle. It is possible that this 
decreased potassium permeability is caused in some 
way by the excess calcium influx through the calcium 
channels just noted. However, regardless of the cause, 
the decreased potassium permeability greatly de¬ 
creases the outflux of potassium ions during the action 
potential plateau and thereby prevents early recover\\ 
When the slow calcium-sodium channels close at the 
end of 0.2 to 0.3 sec and the influx of calcium and 
sodium ions ceases, the membrane permeability for 
potassium increases ver}^ rapidly, and the rapid loss of 
potassium from the fiber returns the membrane po¬ 
tential to its resting level, thus ending the action po¬ 
tential. 

Velocity of Conduction in Cardiac Muscle. The 
velocity of conduction of the action potential in both 
atrial and ventricular muscle fibers is about 0.3 to 
0.5 m/sec, or about Visa the velocity in very large ner\^e 
fibers and about Vio the velocity in skeletal muscle 
fibers. The velocity of conduction in the specialized 
conductive system varies from 0.02 to 4 m/sec in dif¬ 
ferent parts of the system, as is explained in the follow¬ 
ing chapter. 

Refractory Period of Cardiac Muscle. Cardiac 
muscle, like all excitable tissue, is refractor}^ to restim¬ 
ulation during the action potential. Therefore, the re¬ 
fractor^' period of the heart is the inter\^al of time, as 
shown to the left in Figure 26-4, during which a nor¬ 
mal cardiac impulse cannot re-excite an already ex¬ 
cited area of cardiac muscle. The normal refractory 
period of the ventricle is 0.25 to 0.3 sec, which is ap¬ 
proximately the duration of the action potential. There 
is an aaiitional relative refractory period of about 0.05 
sec during which the muscle is more difficult than 


normal to excite but nevertheless can be excited, as 
illustrated by the early premature contraction in the 
second example of Figure 26-4. 

The refractory period of atrial muscle is much 
shorter than that for the ventricles (about 0.15 sec), 
and the relative refractory period is another 0.03 sec. 
Therefore, the rhythmical rate of contraction of the 
atria can be much faster than that of the ventricles. 


CO\TRACTiO\ OF CARDIAC IWSCLE 

Excitation-Contraction Coupling — Function of 
Calcium Ions and of the T Tubules. The term ''exci¬ 
tation-contraction coupling" means the mechanism by 
which the action potential causes the myofibrils of 
muscle to contract. This is discussed for skeletal muscle 
in Chapter 24. However, once again there are differ¬ 
ences in this mechanism in cardiac muscle that have 
important effects on the characteristics of cardiac mus¬ 
cle contraction. 

As is true for skeletal muscle, when an action poten¬ 
tial passes over the cardiac muscle membrane, the ac¬ 
tion potential also spreads to the interior of the cardiac 
muscle fiber along the membranes of the T tubules. 
The T tubule action potentials in turn act on the mem¬ 
branes of the longitudinal sarcoplasmic tubules to 
cause instantaneous release of very large quantities of 
calcium ions into the muscle sarcoplasm from the sar¬ 
coplasmic reticulum. In another few thousandths of a 
second, these calcium ions diffuse into the myofibrils 
and catalyze the chemical reactions that promote slid¬ 
ing of the actin and myosin filaments along each other; 
this in turn produces the muscle contraction. 

Thus far, this mechanism of excitation-contraction 
coupling is the same as that for skeletal muscle, but 
there is a second effect that is quite different. In addi¬ 
tion to the calcium ions released into the sarcoplasm 
from the cistemae of the sarcoplasmic reticulum, large 
quantities of extra calcium ions also diffuse into the 
sarcoplasm from the T tubules at the time of the action 



Figure 26-4. Contraction of the heart, showing the durations of 
the refractory period and the relative refractory period, the effect 
of an early premature contraction, and the effect of a later prema¬ 
ture contraction. .\ote that the premature contractions do not 
cause u’a\'e summation, as occurs in skeletal muscle. 
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potential. Indeed, without this extra calcium from the 
T tubules, the strength of cardiac muscle contraction 
would be considerably reduced because the sarcoplas¬ 
mic reticulum of cardiac muscle is less well developed 
than that of skeletal muscle and does not store enough 
calcium to provide full contraction. On the other hand, 
the T tubules of cardiac muscle have a diameter 5 times 
as great as that of the skeletal muscle tubules and a 
volume 25 times as great; also, inside the T tubules is a 
large quantity of mucopolysaccharides that are elec- 
tronegatively charged and bind an abundant store of 
calcium ions, keeping this always available for diffu¬ 
sion to the interior of the cardiac muscle fiber when the 
T tubule action potential occurs. 

The strength of contraction of cardiac muscle de¬ 
pends to a great extent on the concentration of calcium 
ions in the extracellular fluids. The reason for this is 
that the ends of the T tubules open directly to the 
outside of the cardiac muscle fibers, allowing the same 
extracellular fluid that is in the cardiac muscle intersti- 
tium to percolate through the T tubules as well. Conse¬ 
quently, the quantity of calcium ions in the T tubule 
system as well as the availability of calcium ions to 
cause cardiac muscle contraction depends directly on 
the extracellular fluid calcium ion concentration. 

By way of contrast, the strength of skeletal muscle 
contraction is hardly affected by the extracellular fluid 
calcium concentration because its contraction is caused 
almost entirely by calcium ions released from the sar¬ 
coplasmic reticulum inside the skeletal muscle fiber 
itself. 

At the end of the plateau of the action potential, the 
influx of calcium ions to the interior of the muscle fiber 
is suddenly cut off, and the calcium ions in the sarco¬ 
plasm are rapidly pumped back into both the sarco¬ 
plasmic reticulum and the T tubules. As a result, the 
contraction ceases until a new action potential occurs. 

Duration of Contraction. Cardiac muscle begins to con¬ 
tract a few milliseconds after the action potential begins and 
continues to contract for a few milliseconds after the action 
potential ends. Therefore, the duration of contraction of car¬ 
diac muscle is mainly a function of the duration of the action 
potential—about 0.2 sec in atrial muscle and 0.3 sec in ven¬ 
tricular muscle. 


■ THE SPECIALIZED 
EXCITATORY AXD 
COXDCCTIVE SYSTEM 
OF THE HEART 

Figure 26-5 illustrates the specialized excitatory and 
conductive system of the heart that controls cardiac 
contractions. The figure shows the sinus node (also 
called sinoatrial or S-A node), in which the normal 
rhythmic impulse is generated; the internodal pathways 
that conduct the impulse from the sinus node to the 
A-V node; the A-V node (also called atrioventricular 
node), in which the impulse from the atria is delayed 
before passing into the ventricles; the A-V bundle, 
which conducts the impulse from the atria into the 



Figure 26 — S. The sinus node and the Purkinje system of the 
heart, showing also the A-V^ node, the atrial internodal pathways, 
and the ventricular bundle branches. 


ventricles; and the left and right bundles of Purkinje 
fibers, which conduct the cardiac impulse to all parts of 
the ventricles. 


THE sums IMODE 

The sinus node is a small, flattened, ellipsoid strip of 
specialized muscle approximately 3 mm wide, 15 mm 
long, and 1 mm thick; it is located in the superior lateral 
wall of the right atrium immediately below and lateral 
to the opening of the superior vena cava. The fibers of 
this node have almost no contractile filaments and are 
each 3 to 5 pm in diameter, in contrast to a diameter of 
10 to 15 pm for the surrounding atrial muscle fibers. 
However, the sinus fibers are continuous with the 
atrial fibers, so that any action potential that begins in 
the sinus node spreads immediately into the atria. 

Automatic Rhythmicity of the Sinus 
Fibers 

Many cardiac fibers have the capability of self-excita¬ 
tion, a process that can cause automatic rhythmical 
contraction. This is especially true of the fibers of the 
heart's specialized conducting system; the portion of 
this system that displays self-excitation to the greatest 
extent is the fibers of the sinus node. For this reason, 
the sinus node ordinarily controls the rate of beat of the 
entire heart, as is discussed in detail later in this chap¬ 
ter. First, however, let us describe this automatic rhyth¬ 
micity. 

Mechanism of Sinus Nodal Rhythmicity. Figure 
26-6 illustrates action potentials recorded from a 
sinus nodal fiber for three heartbeats and, by compar¬ 
ison, a single ventricular muscle fiber action poten- 
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Fi^re 26 — 6. Rhythmic discharge of a sinus nodal fiber and 
comparison of the sinus nodal action potential with that of a v'en- 
tricular muscle fiber. 


tial, shown to the right. Note that the potential of the 
sinus nodal fiber between discharges has a negativity 
of only —55 to —60 mV in comparison with —85 to 

— 90 mV for the ventricular fiber. The cause of this re¬ 
duced negativity is that the cell membranes of the 
sinus fibers are naturally leaky to sodium ions. 

Before attempting to explain the rhythmicity of the 
sinus nodal fibers, first recall from earlier discussions 
that in cardiac muscle three different types of mem¬ 
brane ion channels play important roles in causing the 
voltage changes of the action potential. These are (1) 
the fast sodium channels, (2) the slow calcium-sodium 
channels, and (3) the potassium channels. The opening 
of the fast sodium channels for a few 10,000ths of a 
second is responsible for the very rapid spikelike onset 
of the action potential observed in ventricular muscle 
because of rapid influx of positive sodium ions to the 
interior of the fiber. Then the plateau of the ventricular 
action potential is caused primarily by slower opening 
of the slow calcium-sodium channels, which lasts for a 
few tenths of a second. Finally, increased opening of 
the potassium channels and diffusion of large amounts 
of positive potassium ions out of the fiber return the 
membrane potential to its resting level. 

But there is a difference in the function of these 
channels in the sinus nodal fiber because of the much 
lesser negativity of the "resting'' potential — only 

— 55 mV. At this level of negativity, the fast sodium 
channels have mainly become "inactivated," which 
means that they have become blocked. The cause of 
this is that any time the membrane potential remains 
less negative than about — 60 mV for more than a few 
milliseconds, the inactivation gates on the inside of the 
cell membrane that close these channels become 
closed and remain so. Therefore, only the slow cal¬ 
cium-sodium channels can open (that is, can become 
"activated") and thereby cause the action potential. 
Therefore, the action potential is slower to develop 
than that of the ventricular muscle and also recovers 
with a slow decrement of the potential rather than the 
abrupt recovery that occurs for the ventricular fiber. 

Self-Excitation of Sinus Nodal Fibers. Sodium ions 
naturally tend to leak to the interior of the sinus nodal 


fibers through multiple membrane channels, and this 
influx of positive charges also causes a rising mem¬ 
brane potential. Thus, as illustrated in Figure 26-6, the 
"resting" potential gradually rises between each two 
heartbeats. When it reaches a threshold voltage of about 

— 40 mV, the calcium-sodium channels become acti¬ 
vated, leading to very rapid entry of both calcium and 
sodium ions, thus causing the action potential. There¬ 
fore, basically, the inherent leakiness of the sinus 
nodal fibers to sodium ions causes their self-excitation. 

Why does this leakiness to sodium ions not cause the 
sinus nodal fibers to remain depolarized all the time? 
The answer is that two events occur during the course 
of the action potential. First, the calcium-sodium 
channels become inactivated (that is, they close) 
within about 100 to 150 msec after opening, and sec¬ 
ond, at about the same time greatly increased numbers 
of potassium channels open. Therefore, now the influx 
of calcium and sodium ions through the calcium- 
sodium channels ceases simultaneously, while large 
quantities of positive potassium ions diffuse out of the 
fiber, thus terminating the action potential. Further¬ 
more, the potassium channels remain open for another 
few tenths of a second, carrying a great excess of posi¬ 
tive potassium charges out of the cell, which temporar¬ 
ily causes considerable excess negativity inside the 
fiber; this is called hyperpolarization. This hyperpolari¬ 
zation initially carries the "resting" membrane poten¬ 
tial down to about —55 to — 60 mV at the termination 
of the action potential. 

Last, we must explain why the state of hyperpolari¬ 
zation also is not maintained forever. The reason is that 
during the next few tenths of a second after the action 
potential is over, progressively more and more of the 
potassium channels begin to close. Now the inward¬ 
leaking sodium ions once again overbalance the out¬ 
ward flux of potassium ions, which causes the "rest¬ 
ing" potential to drift upward, finally reaching the 
threshold level for discharge at a potential of about 

— 40 mV. Then the entire process begins again: self¬ 
excitation, recovery from the action potential, hyper¬ 
polarization after the action potential is over, upward 
drift of the "resting" potential, then re-excitation still 
again to elicit another cycle. This process continues 
indefinitely throughout the life of the person. 


iiXTERNODAL PATHWAYS AND 
THANSUISSIOiV OF THE CAMWIAC 
IMPULSE THROUGH THE ATRIA 

The ends of the sinus nodal fibers fuse with the sur¬ 
rounding atrial muscle fibers, and action potentials 
originating in the sinus node travel outward into these 
fibers. In this way, the action potential spreads 
through the entire atrial muscle mass and eventually 
also to the A-V node. The velocity of conduction in the 
atrial muscle is approximately 0.3 m/sec. However, 
conduction is somewhat more rapid in several small 
bundles of atrial muscle fibers. One of these, called the 
anterior interatrial band, passes through the anterior 
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walls of the atria to the left atrium and conducts the 
cardiac impulse at a velocity of about 1 m/sec. In addi¬ 
tion, three other small bundles curve through the atrial 
walls and terminate in the A-V node, also conducting 
the cardiac impulse at this rapid velocity. These three 
small bundles, illustrated in Figure 26-5, are called, 
respectively, the anterior, middle, and posterior interno- 
dal pathways. The cause of the more rapid velocity of 
conduction in these bundles is the presence of a num¬ 
ber of specialized conduction fibers mixed with the 
atrial muscle. These fibers are similar to the very rap¬ 
idly conducting Purkinje fibers of the ventricles, which 
are discussed subsequently. 


THE A-r XODE Ai\D DELAY li\ 

IMPULSE COXDUCTIOX 

Fortunately, the conductive system is organized so that 
the cardiac impulse will not travel from the atria into 
the ventricles too rapidly; this allows time for the atria 
to empty their contents into the ventricles before ven¬ 
tricular contraction begins. It is primarily the A-V node 
and its associated conductive fibers that delay this 
transmission of the cardiac impulse from the atria into 
the ventricles. 

The A-V node is located in the posterior septal wall 
of the right atrium immediately behind the tricuspid 
valve and adjacent to the opening of the coronary 
sinus, as illustrated in Figure 26-5. Figure 26-7 shows 
diagrammatically the different parts of this node and 
its connections with the atrial intemodal pathway 
fibers and the A-V bundle. The figure also shows the 
approximate intervals of time in fractions of a second 
between the genesis of the cardiac impulse in the sinus 
node and its appearance at different points in the A-V 
nodal system. Note that the impulse, after traveling 
through the intemodal pathway, reaches the A-V node 
approximately 0.03 sec after its origin in the sinus 
node. Then there is a further delay of 0.09 sec in the 
A-V node itself before the impulse enters the penetrat¬ 
ing portion of the A-V bundle. A final delay of another 
0.04 sec occurs mainly in this penetrating A-V bundle, 
which is composed of multiple small fascicles passing 
through the fibrous tissue separating the atria from the 
ventricles. 

Thus, the total delay in the A-V nodal and A-V bun¬ 
dle system is approximately 0.13 sec. About a quarter 
of this time lapse occurs in the transitional fibers, which 
are very small fibers that connect the fibers of the atrial 
intemodal pathways with the A-V node (see Fig. 
26-7). The velocity of conduction in these fibers is as 
little as 0.02 to 0.05 m/sec (about V 12 that in normal 
cardiac muscle), which greatly delays entrance of the 
impulse into the A-V node. After entering the node 
proper, the velocity of conduction in the nodal fibers is 
still quite low, only 0.05 m/sec, about one eighth the 
conduction velocity in normal cardiac muscle. This low 
velocity of conduction is also approximately tme for 
the penetrating portion of the A-V bundle. 

Cause of the Slow Conduction. The cause of the 


Intemodal 



Figure 26 — 7. Organization of the A-X' node. The numbers rep¬ 
resent the interval of time from the origin of the impulse in the 
sinus node. The values have been extrapolated to the human 
being. 


extremely slow conduction in the transitional as well as 
the nodal and penetrating A-V bundle fibers is partly 
that their sizes are considerably smaller than the sizes 
of the normal atrial muscle fibers. However, most of 
the slow conduction is probably caused by two entirely 
different factors. First, all these fibers have resting 
membrane potentials that are much less negative than 
the normal resting potential of other cardiac muscle. 
Second, very few gap junctions connect the successive 
fibers in the pathw^ay, so that there is great resistance to 
the conduction of excitatory ions from one fiber to the 
next. Thus, with both low voltage to drive the ions and 
great resistance to the movement of the ions, it is easy 
to see why each succeeding fiber is slow to be excited. 


TRAXSMISSWX I\ THE PURKiXJE 
SYSTEM 

The Purkinje fibers lead from the A-V node through the 
A-V bundle into the ventricles. Except for the initial 
portion of these fibers where they penetrate the atrio¬ 
ventricular fibrous barrier, they have functional char¬ 
acteristics quite the opposite of those of the A-V nodal 
fibers; they are very large fibers, even larger than the 
normal ventricular muscle fibers, and they transmit 
action potentials at a velocity of 1.5 to 4.0 m/sec, a 
velocity about 6 times that in the usual cardiac muscle 
and 150 times that in some transitional fibers. This 
allows almost immediate transmission of the cardiac 
impulse throughout the entire ventricular system. 
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The very rapid transmission of action potentials by 
Purkinje fibers is believed to be caused by increased 
permeability of the gap junctions at the intercalated 
discs between the successive cardiac cells that make up 
the Purkinje fibers. At these discs, ions are transmitted 
easily from one cell to the next, thus enhancing the 
velocity of transmission. The Purkinje fibers also have 
very few myofibrils, which means that they barely 
contract during the course of impulse transmission. 

One-Way Conduction Through the A-V Bundle. 
A special characteristic of the A-V bundle is the inabil¬ 
ity except in abnormal states of action potentials to 
travel backward in the bundle from the ventricles to 
the atria. This prevents re-entry of cardiac impulses by 
this route from the ventricles into the atria, allowing 
only forward conduction from the atria to the ventri¬ 
cles. 

Furthermore, it should be recalled that the atrial 
muscle is separated from the ventricular muscle by a 
continuous fibrous barrier, a portion of which is illus¬ 
trated in Figure 26-7. This barrier normally acts as an 
insulator to prevent passage of the cardiac impulse 
between the atria and the ventricles through any other 
route besides forward conduction through the A-V 
bundle itself. (However, in rare instances an abnormal 
muscle bridge does penetrate through the fibrous bar¬ 
rier elsewhere besides at the A-V bundle. Under such 
conditions, the cardiac impulse can then re-enter the 
atria from the ventricles and cause serious cardiac ar¬ 
rhythmia.) 

Distribution of the Purkinje Fibers in the Ventri¬ 
cles. After penetrating through the atrioventricular fi¬ 
brous tissue, the distal portion of the A-V bundle 
passes downward in the ventricular septum for 5 to 
15 mm toward the apex of the heart, as shown in 
Figures 26-5 and 26-7. Then the bundle divides into 
the left and right bundle branches that lie beneath the 
endocardium of the two respective sides of the septum. 
Each branch spreads downward to the apex of the 
ventricle, dividing into smaller branches that course 
around each ventricular chamber and back toward the 
base of the heart. The terminal Purkinje fibers pene¬ 
trate about one third of the way into the muscle mass 
and then become continuous with the cardiac muscle 
fibers. 

From the time that the cardiac impulse first enters 
the bundle branches until it reaches the terminations 
of the Purkinje fibers, the total time that elapses aver¬ 
ages only 0.03 sec; therefore, once the cardiac impulse 
enters the Purkinje system, it spreads almost immedi¬ 
ately to the entire endocardial surface of the ventricu¬ 
lar muscle. 


TRA\SmSSW\ OF THE CARDIAC 
IMPULSE L\ THE VEXTRICULAR 
MUSCLE 

Once the impulse has reached the ends of the Purkinje 
fibers, it is then transmitted through the ventricular 
muscle mass by the ventricular muscle fibers them¬ 


selves. The velocity of transmission is now only 0.3 to 
0.5 m/sec, one sixth that in the Purkinje fibers. 

The cardiac muscle wraps around the heart in a dou¬ 
ble spiral with fibrous septa between the spiraling 
layers; therefore, the cardiac impulse does not neces¬ 
sarily travel directly outward toward the surface of the 
heart but instead angulates toward the surface along 
the directions of the spirals. Because of this, transmis¬ 
sion from the endocardial surface to the epicardial sur¬ 
face of the ventricle requires as much as another 0.03 
sec, approximately equal to the time required for 
transmission through the entire Purkinje system. 
Thus, the total time for transmission of the cardiac 
impulse from the initial bundle branches to the last of 
the ventricular muscle fibers in the normal heart is 
about 0.06 sec. 

SUMMARY OF THE SPREAD OF THE 
CARDIAC IMPULSE THROUGH THE 
HEART 

Figure 26-8 illustrates in summary form the transmis¬ 
sion of the cardiac impulse through the human heart. 
The numbers on the figure represent the intervals of 
time in hundredths of a second that lapse between the 
origin of the cardiac impulse in the sinus node and its 
appearance at each respective point in the heart. Note 
that the impulse spreads at moderate velocity through 
the atria but is delayed more than 0.1 sec in the A-V 
nodal region before appearing in the ventricular septal 
A-V bundle. Once it has entered this bundle, it spreads 
rapidly through the Purkinje fibers to the entire endo¬ 
cardial surfaces of the ventricles. Then the impulse 



Fi||0ire 26 — 8. Transmission of the cardiac impulse through the 
heart, showing the time of appearance (in fractions of a second) of 
the impulse in different parts of the heart. 










2G ■ The Heart: its Rhythmical Excitation and IVeri ous Control 327 


once again spreads slowly through the ventricular 
muscle to the epicardial surfaces. 

It is extremely important that the reader learn in 
detail the course of the cardiac impulse through the 
heart and the times of its appearance in each separate 
part of the heart, for a quantitative knowledge of this 
process is essential to the understanding of electrocar¬ 
diography, which is discussed in the following three 
chapters. 


■ COIVTROL OF EXCITATION 
AND CONDUCTION IN THE 
HEART 

THE SHVES MODE AS THE 
PACEMAKER OF THE HEART 

In the previous discussion of the genesis and transmis¬ 
sion of the cardiac impulse through the heart, we have 
noted that the impulse normally arises in the sinus 
node. However, this often is not the case under abnor¬ 
mal conditions, for other parts of the heart can exhibit 
rhythmic contraction in the same way that the sinus 
nodal fibers can; this is particularly true of the A-V 
nodal and Purkinje fibers. 

The A-V nodal fibers, when not stimulated from 
some outside source, discharge at an intrinsic rhythmic 
rate of 40 to 60 times/min, and the Purkinje fibers 
discharge at a rate of somewhere between 15 and 40 
times/min. These rates are in contrast to the normal 
rate of the sinus node of 70 to 80 times/min. 

Therefore, the question that we must ask is: Why 
does the sinus node control the heart's rhythmicity 
rather than the A-V node or the Purkinje fibers? The 
answer to this derives from the fact that the discharge 
rate of the sinus node is considerably greater than that 
of either the A-V node or the Purkinje fibers. Each time 
the sinus node discharges, its impulse is conducted into 
both the A-V node and the Purkinje fibers, discharging 
their excitable membranes. Then these tissues as well 
as the sinus node recover from the action potential and 
become hyperpolarized. But the sinus node loses its 
hyperpolarization much more rapidly than does either 
of the other two and emits a new impulse before either 
one of them can reach its own threshold for self-exci¬ 
tation. The new impulse again discharges both the A-V 
node and Purkinje fibers. This process continues on 
and on, the sinus node always exciting these other 
potentially self-excitatory tissues before self-excitation 
can actually occur. 

Thus, the sinus node controls the beat of the heart 
because its rate of rhythmic discharge is greater than 
that of any other part of the heart. Therefore, the sinus 
node is the normal pacemaker of the heart. 

Abnormal Pacemakers — The Ectopic Pacemaker. 
Occasionally some other part of the heart develops a 
rhythmic discharge rate that is more rapid than that of 
the sinus node. For instance, this often occurs in the 
A-V node or in the Purkinje fibers. In either of these 
cases, the pacemaker of the heart shifts from the sinus 


node to the A-V node or to the excitable Purkinje 
fibers. Under more rare conditions, a point in the atrial 
or ventricular muscle develops excessive excitability 
and becomes the pacemaker. 

A pacemaker elsewhere than the sinus node is called 
an ectopic pacemaker. Obviously, an ectopic pacemaker 
causes an abnormal sequence of contraction of the dif¬ 
ferent parts of the heart. 

Another cause of shift of the pacemaker is blockage 
of transmission of the impulses from the sinus node to 
the other parts of the heart, this occurring most fre¬ 
quently at the A-V node or in the penetrating portion 
of the A-V bundle on the way to the ventricles. When 
A-V block occurs, the atria continue to beat at the 
normal rate of rhythm of the sinus node, while a new 
pacemaker develops in the Purkinje system of the 
ventricles and drives the ventricular muscle at a new 
rate somewhere between 15 and 40 beats/min. How¬ 
ever, after a sudden block, the Purkinje system does 
not begin to emit its rhythmical impulses until 5 to 
30 sec later because up to that point it has been "over¬ 
driven" by the rapid sinus impulses and consequently 
is in a suppressed state. During this 5 to 30 sec, the 
ventricles fail to pump any blood, and the person faints 
after the first 4 to 5 secs because of lack of blood flow to 
the brain. This delayed pickup of the heartbeat is called 
Stokes-Adams syndrome. If the period is too long, it can 
lead to death. 


ROLE OF THE PIJRKMMJE SYSTEM 
IM CAVSiMG SYMCHROMOVS 
COMTRACTIOM OF THE YEMTRMCVLAR 
MVSCLE 

It is clear from the previous description of the Purkinje 
system that the cardiac impulse arrives at almost all 
portions of the ventricles within a very narrow span of 
time, exciting the first ventricular muscle fiber only 
0.06 sec ahead of excitation of the last ventricular 
muscle fiber. This causes all portions of the ventricular 
muscle in both ventricles to begin contracting at almost 
exactly the same time. Effective pumping by the two 
ventricular chambers requires this synchronous type 
of contraction. If the cardiac impulse traveled through 
the ventricular muscle very slowly, much of the ven¬ 
tricular mass would contract prior to contraction of the 
remainder, in which case the overall pumping effect 
would be greatly depressed. Indeed, in some types of 
cardiac debilities, slow transmission does occur, and 
the pumping effectiveness of the ventricles is de¬ 
creased perhaps as much as 20 to 30 per cent. 


COMTROL OF HEART RHYTHMiCtTY 
AMD COMDVCTiOM BY THE 
SYMPATHETIC AMD 
PAR/tSYMPATHETIC MERIES 

The heart is supplied with both sympathetic and para¬ 
sympathetic nerves, as illustrated in Figure 26-9. The 
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Sympathetic chains 



parasympathetic nerves (the vagi) are distributed 
mainly to the sinus and A-V nodes, to a lesser extent to 
the muscle of the two atria, and even less to the ven¬ 
tricular muscle. The sympathetic nerves, on the other 
hand, are distributed to all parts of the heart, with a 
strong representation to the ventricular muscle as well 
as to all the other areas. 

Effect of Parasympathetic (Vagal) Stimulation on 
Cardiac Rhythm and Conduction — Ventricular 
Escape. Stimulation of the parasympathetic nerves to 
the heart (the vagi) causes the hormone acetylcholine to 
be released at the vagal endings. This hormone has two 
major effects on the heart. First, it decreases the rate of 
rhythm of the sinus node, and, second, it decreases the 
excitability of the A-V junctional fibers between the 
atrial musculature and the A-V node, thereby slowing 
transmission of the cardiac impulse into the ventricles. 
Very strong stimulation of the vagi can completely stop 
the rhythmic contraction of the sinus node or com¬ 
pletely block transmission of the cardiac impulse 
through the A-V junction. In either case, rhythmic im¬ 
pulses are no longer transmitted into the ventricles. 
The ventricles stop beating for 4 to 10 sec, but then 
some point in the Purkinje fibers, usually in the ven¬ 
tricular septal portion of the A-V bundle, develops a 
rhythm of its own and causes ventricular contraction at 
a rate of 15 to 40 beats/min. This phenomenon is 
called ventricular escape. 

Mechanism of the Vagal Effects. The acetylcholine 
released at the vagal nerve endings greatly increases 
the permeability of the fiber membranes to potassium, 
which allows rapid leakage of potassium to the exte¬ 
rior. This causes increased negativity inside the fibers, 
an effect called hyperpolarization, which makes excit¬ 
able tissue much less excitable, as was explained in 
Chapter 6. 

In the sinus node, the state of hyperpolarization de¬ 
creases the "Testing" membrane potential of the sinus 
nodal fibers to a level considerably more negative than 
the normal value, to a level as low as — 65 to — 75 mV 
rather than the normal level of —55 to —60 mV. 


Therefore, the upward drift of the resting membrane 
potential caused by sodium leakage requires much 
longer to reach the threshold potential for excitation. 
Obviously, this greatly slows the rate of rhythmicity of 
these nodal fibers. And, if the vagal stimulation is 
strong enough, it is possible to stop completely the 
rhythmical self-excitation of this node. 

In the A-V node, the state of hyperpolarization 
makes it difficult for the minute junctional fibers, 
which can generate only small quantities of current 
during the action potential, to excite the nodal fibers. 
Therefore, the safety factor for transmission of the car¬ 
diac impulse through the junctional fibers and into the 
nodal fibers decreases. A moderate decrease in this 
simply delays conduction of the impulse, but a de¬ 
crease in safety factor below unity (which means a 
level so low that the action potential of a fiber cannot 
cause an action potential in the successive portion of 
the fiber) completely blocks conduction. 

Effect of Sympathetic Stimulation on Cardiac 
Rhythm and Conduction. Sympathetic stimulation 
causes essentially the opposite effects on the heart to 
those caused by vagal stimulation as follows: First, it 
increases the rate of sinus nodal discharge. Second, it 
increases the rate of conduction as well as the level of 
excitability in all portions of the heart. Third, it in¬ 
creases greatly the force of contraction of all the car¬ 
diac musculature, both atrial and ventricular. 

In short, sympathetic stimulation increases the 
overall activity of the heart. Maximal stimulation can 
almost triple the rate of heartbeat and can increase the 
strength of heart contraction as much as twofold. 

Mechanism of the Sympathetic Effect. Stimulation 
of the sympathetic nerves releases the hormone nor¬ 
epinephrine at the sympathetic nerve endings. The pre¬ 
cise mechanism by which this hormone acts on cardiac 
muscle fibers is stiU somewhat doubtful, but the 
present belief is that it increases the permeability of the 
fiber membrane to sodium and calcium. In the sinus 
node, an increase of sodium permeability causes a 
more positive resting potential and an increased rate of 
upward drift of the membrane potential to the thresh¬ 
old level for self-excitation, both of which obviously 
accelerate the onset of self-excitation and therefore 
increase the heart rate. 

In the A-V node, increased sodium permeability 
makes it easier for the action potential to excite the 
succeeding portion of the conducting fiber, thereby 
decreasing the conduction time from the atria to the 
ventricles. 

The increase in permeability to calcium ions is at 
least partially responsible for the increase in contractile 
strength of the cardiac muscle under the influence of 
sympathetic stimulation because calcium ions play a 
powerful role in exciting the contractile process of the 
myofibrils. 
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JVervous Regulation of the 
Circulation and of 
Respiration 


■ IVERVOUS REGUL.ATIOIV OF 
THE CIRCELATIOIV 

The circulation is regulated partly by nonnervous 
mechanisms that are intrinsic to the circulation itself 
and partly by extrinsic mechanisms, especially by the 
nervous system. The intrinsic mechanisms consist of 
such functions as intrinsic control of rhythmicity 
within the heart muscle itself and local control of blood 
flow by each tissue of the body when the tissue needs 
more or less nutrients. 

Nervous control of the circulation has two very im¬ 
portant features: First, nervous regulation can function 
extremely rapidly, some of the nervous effects begin¬ 
ning to occur within 1 sec and reaching full develop¬ 
ment within 5 to 30 sec. Second, the nervous system 
provides a means for controlling large parts of the cir¬ 
culation simultaneously. For instance, when it is im¬ 
portant to raise the arterial pressure temporarily, the 
nervous system can arbitrarily cut off, or at least 
greatly decrease, blood flow to major segments of the 
circulation despite the fact that the local blood flow 
regulatory mechanisms oppose this. 

AlJTOiXOMtC COiXTROL OF THE 
CIRCIJLATIOA^ 

The autonomic nervous system was discussed in detail 
in Chapter 22. However, it is so important to the regu¬ 
lation of the circulation that its specific anatomical and 
functional characteristics relating to the circulation de¬ 
serve special attention here. 

By far the most important part of the autonomic 
nervous system for regulation of the circulation is the 
sympathetic nervous system. The parasympathetic ner¬ 
vous system is important only for its regulation of heart 
function, as was discussed in detail in the previous 
chapter. 
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The Sympathetic Nervous System. Figure 27-1 
illustrates the anatomy of sympathetic nervous control 
of the circulation. Sympathetic vasomotor nerve fibers 
leave the spinal cord through all the thoracic and the 
first one to two lumbar spinal nerves. These pass into 
the sympathetic chain and thence by two routes to the 
circulation: (1) through specific sympathetic nerves that 
innervate mainly the vasculature of the internal vis¬ 
cera and the heart and (2) through the spinal nerves 
that innervate mainly the vasculature of the peripheral 
areas. The precise pathways of these fibers in the spi¬ 
nal cord and in the sympathetic chains are discussed in 
Chapter 22. 

Sympathetic Innervation of the Blood Vessels. Fig¬ 
ure 27-2 illustrates the distribution of sympathetic 
nerve fibers to the blood vessels, showing that all the 
vessels except the capillaries, precapillary sphincters, 
and most of the metarterioles are innervated. 

The innervation of the small arteries and arterioles 
allows sympathetic stimulation to increase the resist¬ 
ance and thereby to change the rate of blood flow 
through the tissues. 

The innervation of large vessels, particularly of the 
veins, makes it possible for sympathetic stimulation to 
change the volume of these vessels and thereby to alter 
the volume of the peripheral circulatory system. This 
can translocate blood into the heart and thereby play a 
major role in the regulation of cardiovascular function, 
as we see later in this and subsequent chapters. 

Sympathetic Nerve Fibers to the Heart. In addition 
to sympathetic nerve fibers supplying the blood ves¬ 
sels, other sympathetic fibers go to the heart, as was 
discussed in the last chapter. It should be recalled that 
sympathetic stimulation markedly increases the activ¬ 
ity of the heart, increasing the heart rate and enhanc¬ 
ing its strength of pumping. 

Parasympathetic Control of Heart Function, Espe¬ 
cially Heart Rate. Although the parasympathetic ner¬ 
vous system is exceedingly important for many other 
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Figure 27—1. Anatomy of sympa¬ 
thetic nervous control of the circula¬ 
tion. 



autonomic functions of the body, it plays only a minor 
role in regulation of the circulation. Its only really im¬ 
portant circulatory effect is its control of heart rate by 
way of parasympathetic fibers carried to the heart in 
the vagus nerves, shown in Figure 27-1 by the dashed 
nerve from the medulla directly to the heart. 


The effects of parasympathetic stimulation on heart 
function are discussed in detail in Chapter 26. Princi¬ 
pally, parasympathetic stimulation causes a marked 
decrease in heart rate and a slight decrease in contrac¬ 
tility. 


Arteries 



Figure 27-2. Sympathetic innervation of the systemic circula¬ 
tion. 


The SiTnpathetic Vasoconstrictor 
System and Its Control by the Central 
\ervous System 

The sympathetic nerves carr\' tremendous numbers of 
vasoconstrictor fibers and only a v'er\^ few vasodilator 
fibers. The vasoconstrictor fibers are distributed to es¬ 
sentially all segments of the circulation. Howev^er, this 
distribution is greater in some tissues than in others. It 
is especially powerful in the kidneys, the gut, the 
spleen, and the skin but less potent in skeletal muscle 
and in the brain. 

The Vasomotor Center and Its Control of the Va¬ 
soconstrictor System. Located bilaterally in the reticu¬ 
lar substance of the medulla and lower third of the 
pons, illustrated in Figure 27-3, is an area called the 
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Motor 



Figure 27 — 3. Areas of the brain that play important roles in the 
nerv^ous regulation of the circulation. The dashed lines represent 
inhibitory pathways. 


vasomotor center. The center transmits impulses down¬ 
ward through the cord and thence through the sympa¬ 
thetic vasoconstrictor fibers to all or almost all the 
blood vessels of the body. 

Although the total organization of the vasomotor 
center is still unclear, experiments have made it possi¬ 
ble to identify certain important areas in the center, as 
follows: 

1. A vasocoy^strictor area, called area "C-1/' located 
bilaterally in the anterolateral portions of the upper 
medulla. The neurons in this area secrete norepineph¬ 
rine; their fibers are distributed throughout the cord. 


where they excite the vasoconstrictor neurons of the 
sympathetic nervous system. 

2. A vasodilator area, called area '"A-l," located bi¬ 
laterally in the anterolateral portions of the lower half 
of the medulla. The fibers from these neurons project 
upward to the vasoconstrictor area (C-1) and inhibit 
the vasoconstrictor activity of that area, thus causing 
vasodilation. 

3. A sensory area, area "A-2," located bilaterally in 
the tractus solitarius in the posterolateral portions of 
the medulla and lower pons. The neurons of this area 
receive sensory nerve signals mainly from the vagus 
and glossophar}mgeal ner\^es, and the output signals 
from this sensory area then help to control the activi¬ 
ties of both the vasoconstrictor and vasodilator areas, 
thus providing "reflex" control of many circulatory 
functions. An example is the baroreceptor reflex for 
controlling arterial pressure, which we describe later in 
the chapter. 

Continuous Partial Constriction of the Blood 
Vessels Caused by Sympathetic Vasoconstrictor 
Tone. Under normal conditions, the vasoconstrictor 
area of the vasomotor center transmits signals contin¬ 
uously to the sympathetic vasoconstrictor nerve fibers, 
causing continuous slow firing of these fibers at a rate 
of about V 2 to 2 impulses/sec. This continual firing is 
called sympathetic vasoconstrictor tone. These impulses 
maintain a partial state of contraction in the blood 
vessels, a state called vasomotor tone. 

Figure 27-4 demonstrates the significance of vaso¬ 
constrictor tone. In the experiment of this figure, total 
spinal anesthesia was administered to an animal, 
which completely blocked all transmission of ner\^e 
impulses from the central nerv^ous system to the pe¬ 
riphery. As a result, the arterial pressure fell from 100 
to 50 mm Hg, illustrating the effect of loss of vasocon¬ 
strictor tone throughout the body. A few minutes later 
a small amount of the hormone norepinephrine was 
injected intravenously — norepinephrine is the sub- 



Figure 27-4. Effect of total spinal anesthesia on the 
arterial pressure, showing a marked fall in pressure 
resulting from loss of v asomotor tone. 
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Stance secreted at the endings of sympathetic nerve 
fibers throughout the body. As this hormone was 
transported in the blood to all the blood vessels, the 
vessels once again became constricted, and the arterial 
pressure rose to a level even greater than normal for a 
minute or two until the norepinephrine was destroyed. 

Control of Heart Activity by the Vasomotor 
Center. At the same time that the vasomotor center is 
controlling the degree of vascular constriction, it also 
controls heart activity. The lateral portions of the vaso¬ 
motor center transmit excitatory impulses through the 
sympathetic nerve fibers to the heart to increase heart 
rate and contractility, whereas the medial portion of 
the vasomotor center, which lies in immediate apposi¬ 
tion to the dorsal motornucleus of the vagus nerve, trans¬ 
mits impulses through the vagus nerve to the heart to 
decrease heart rate. Therefore, the vasomotor center 
can either increase or decrease heart activity, this ordi¬ 
narily increasing at the same time that vasoconstriction 
occurs throughout the body and ordinarily decreasing 
at the same time that vasoconstriction is inhibited. 

Control of the Vasomotor Center by Higher Ner¬ 
vous Centers. Large numbers of areas throughout the 
reticular substance of the pons, mesencephalon, and 
diencephalon can either excite or inhibit the vasomotor 
center. This reticular substance is illustrated in Figure 
27-3 by the diffuse shaded area. In general, the more 
lateral and superior portions of the reticular substance 
cause excitation, whereas the more medial and inferior 
portions cause inhibition. 

The hypothalamus plays a special role in the control 
of the vasoconstrictor system, for it can exert powerful 
excitatory or inhibitory effects on the vasomotor 
center. The posterolateral portions of the hypothalamus 
cause mainly excitation, whereas the anterior part can 
cause mild excitation or inhibition, depending on the 
precise part of the anterior hypothalamus stimulated. 

Many different parts of the cerebral cortex can also 
excite or inhibit the vasomotor center. Stimulation of 
the motor cortex, for instance, excites the vasomotor 
center because of impulses transmitted downward into 
the hypothalamus and thence to the vasomotor center. 
Also, stimulation of the anterior temporal lobe, the or¬ 
bital areas of the frontal cortex, the anterior part of the 
cingulate gyrus, the amygdala, the septum, and the hip¬ 
pocampus can all either excite or inhibit the vasomotor 
center, depending on the precise portion of these areas 
that is stimulated and on the intensity of the stimulus. 

Thus, widespread areas of the brain can have pro¬ 
found effects on the cardiovascular function. 

Norepinephrine—The Sympathetic Vasocon¬ 
strictor Transmitter Substance. The substance se¬ 
creted at the endings of the vasoconstrictor nerves is 
norepinephrine. Norepinephrine acts directly on the 
so-called alpha receptors of the vascular smooth mus¬ 
cle to cause vasoconstriction, as is discussed in Chap¬ 
ter 22. 

The Adrenal Medullae and Their Relationship to 
the Sympathetic Vasoconstrictor System. Sympa¬ 
thetic impulses are transmitted to the adrenal medullae 
at the same time that they are transmitted to all the 


blood vessels. These cause the medullae to secrete both 
epinephrine and norepinephrine into the circulating 
blood. These two hormones are carried in the blood¬ 
stream to all parts of the body, where they act directly 
on the blood vessels usually to cause vasoconstriction, 
but sometimes the epinephrine causes vasodilation 
because it has a potent "beta'' receptor stimulatory 
effect, which often dilates vessels, as is discussed in 
Chapter 22. 


■ ROLE OF THE NERVOUS 
SYSTEM FOR RAPID 
CONTROL OF ARTERIAL 
PRESSURE 

One of the most important functions of nervous con¬ 
trol of the circulation is its capability to cause very 
rapid increases in arterial pressure. For this purpose, 
the entire vasoconstrictor and cardioaccelerator func¬ 
tions of the sympathetic nervous system are stimulated 
as a unit. At the same time there is reciprocal inhibition 
of the normal parasympathetic vagal inhibitory signals 
to the heart. In consequence, three major changes 
occur simultaneously, each of which helps to increase 
the arterial pressure. These are as follows: 

1. Almost all arterioles of the body are constricted. This 
greatly increases the total peripheral resistance, im¬ 
peding the run-off of blood from the arteries and 
thereby increasing the arterial pressure. 

2. The veins especially but the other large vessels of the 
circulation as well are strongly constricted. This dis¬ 
places blood out of the circulation toward the heart, 
thus increasing the volume of blood in the heart 
chambers. This then causes the heart to beat with far 
greater force and therefore to pump increased quanti¬ 
ties of blood. This, too, increases the arterial pressure. 

3. Finally, the heart itself is directly stimulated by the 
autonomic nervous system, further enhancing cardiac 
pumping. Much of this is caused by an increase in the 
heart rate sometimes to as great as three times normal. 
In addition, sympathetic nervous signals have a direct 
effect to increase the contractile force of the heart mus¬ 
cle, this too increasing the capability of the heart to 
pump larger volumes of blood. Therefore, under 
strong sympathetic stimulation, the heart can pump 
for several minutes at least two times as much blood as 
under normal conditions. Thus, this too contributes 
still more to the rise in arterial pressure. 

Rapidity of Nervous Control of Arterial Pressure. 
An especially important characteristic of nervous con¬ 
trol of arterial pressure is its rapidity of response, 
beginning within seconds and often increasing the 
pressure to two times normal within 5 to 15 secs. Con¬ 
versely, sudden inhibition of nervous stimulation can 
decrease the arterial pressure to as little as one half 
normal within 10 to 40 secs. Therefore, nervous con¬ 
trol of arterial pressure is by far the most rapid of all our 
mechanisms for pressure control. 
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INCREASE fiV ARTERIAL PRESSURE 
DURIAG MUSCLE EXERCISE AXD 
OTHER TYPES OF STRESS 

An important example of the ability of the nervous 
system to increase the arterial pressure is the increased 
pressure during muscle exercise. During heavy exer¬ 
cise, the muscles require greatly increased blood flow. 
Part of this increase results from local vasodilation of 
the muscle vasculature caused by increased metabo¬ 
lism of the muscle cells, as explained in the previous 
chapter. However, still additional increase results from 
simultaneous elevation of arterial pressure during the 
exercise. In most heavy exercise, the arterial pressure 
rises about 30 to 40 per cent, which will increase blood 
flow by approximately an additional twofold. 

The increase in arterial pressure during exercise is 
believed to result mainly from the following effect: At 
the same time that the motor areas of the nervous 
system become activated to cause exercise, most of the 
reticular activating system of the brain stem is also 
activated, which includes greatly increased stimula¬ 
tion of the vasoconstrictor and cardioacceleratory 
areas of the vasomotor center. These raise the arterial 
pressure instantaneously to keep pace with the in¬ 
crease in muscle activity. 

In many other types of stress besides muscle exer¬ 
cise, a similar rise in pressure can also take place. For 
instance, during extreme fright, the arterial pressure 
often rises to as high as double normal within a few 
seconds. This is called the alarm reaction, and it ob¬ 
viously provides a head of pressure that can immedi¬ 
ately supply blood to any or all muscles of the body 
that might wish to respond instantly to cause flight 
from danger or to stay and fight. 


Physiologic Anatomy of the Baroreceptors, and 
Their Innervation. Baroreceptors are spray-type 
nerve endings lying in the walls of the arteries; they are 
stimulated when stretched. A few baroreceptors are 
located in the wall of almost every large artery of the 
thoracic and neck regions; but, as illustrated in Figure 
27-5, baroreceptors are extremely abundant, in (1) the 
wall of each internal carotid artery slightly above the 
carotid bifurcation, an area known as the carotid sinus, 
and (2) the wall of the aortic arch. 

Figure 27-5 also shows that signals are transmitted 
from each carotid sinus through the very small He- 
ring's nerve to the glossopharyngeal nerve and thence 
to the tractus solitarius in the medullary area of the 
brain stem. Signals from the arch of the aorta are trans¬ 
mitted through the vagus nerves also into this area of 
the medulla. 

Response of the Baroreceptors to Pressure. Figure 
27-6 illustrates the effect of different arterial pres¬ 
sures on the rate of impulse transmission in a Bering's 
nerve. Note that the carotid sinus baroreceptors are not 
stimulated at all by pressures between 0 and 60 mm 
Hg, but above 60 mm Hg they respond progressively 
more and more rapidly and reach a maximum at about 
180 mm Hg. The responses of the aortic baroreceptors 
are similar to those of the carotid receptors except that 
they operate, in general, at pressure levels about 
30 mm Hg higher. 

Note especially that in the normal operating range of 
arterial pressure, around 100 mm Hg, even a slight 
change in pressure causes strong autonomic reflexes to 
readjust the arterial pressure back toward normal. 
Thus, the baroreceptor feedback mechanism functions 
most effectively in the very pressure range where it is 
most needed. 


THE REFLEX IIECHAMSHS FOR 
HAIXTAIMXG XORMAL ARTERIAL 
PRESSURE 

Aside from the exercise and stress functions of the 
autonomic nervous system to raise the arterial pres¬ 
sure, there are also multiple subconscious nervous 
mechanisms for maintaining the arterial pressure at or 
near its normal operating level. Almost all of these are 
negative feedback reflex mechanisms, which we explain 
in the following sections. 


The Arterial Baroreceptor Control 
System — Baroreceptor Reflexes 

By far the best known of the mechanisms for arterial 
pressure control is the baroreceptor reflex. Basically, this 
reflex is initiated by stretch receptors, called either bar¬ 
oreceptors or pressoreceptors, which are located in the 
walls of the large systemic arteries. A rise in pressure 
stretches the baroreceptors and causes them to trans¬ 
mit signals into the central nervous system, and "feed¬ 
back" signals are then sent back through the auto¬ 
nomic nervous system to the circulation to reduce 
arterial pressure downward toward the normal level. 



Glossopharyngeal nerve 

Hering's nerve 

Carotid body 
Carotid sinus 

Vagus nerve 

Aortic baroreceptors 


Figure 27 — 5. The baroreceptor system. 
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Figure 27-6. Response of the baroreceptors at different levels 
of arterial pressure. 


The baroreceptors respond extremely rapidly to 
changes in arterial pressure; in fact, the rate of impulse 
firing increases during systole and decreases again 
during diastole. Furthermore, the baroreceptors re¬ 
spond much more to a rapidly changing pressure than to a 
stationary pressure. That is, if the mean arterial pres¬ 
sure is 150 mm Hg but at that moment is rising rapidly, 
the rate of impulse transmission may be as much as 
twice that when the pressure is stationary at 150 mm 
Hg. On the other hand, if the pressure is falling, the 
rate might be as little as one quarter that for the sta¬ 
tionary pressure. 

The Reflex Initiated by the Baroreceptors, After 
the baroreceptor signals have entered the tractus soli- 
tarius of the medulla, secondary signals inhibit the va¬ 
soconstrictor center of the medulla and excite the vagal 
center. The net effects are (1) vasodilation of the veins 
and the arterioles throughout the peripheral circula¬ 
tory system and (2) decreased heart rate and strength of 
heart contraction. Therefore, excitation of the barore¬ 
ceptors by pressure in the arteries reflexly causes the 
arterial pressure to decrease because of both a decrease 
in peripheral resistance and a decrease in cardiac out¬ 
put. Conversely, low pressure has opposite effects, re¬ 
flexly causing the pressure to rise back toward normal. 

Figure 27-7 illustrates a typical reflex change in 
arterial pressure caused by occluding the common ca¬ 
rotid arteries. This reduces the carotid sinus pressure; 
as a result, the baroreceptors become inactive and lose 
their inhibitory effect on the vasomotor center. The 
vasomotor center then becomes much more active 
than usual, causing the arterial pressure to rise and to 
remain elevated during the 10 min that the carotids are 
occluded. Removal of the occlusion allows the pres¬ 
sure to fall immediately to slightly below normal as a 
momentary overcompensation and then to return to 
normal in another minute or so. 

Function of the Baroreceptors During Changes in 
Body Posture. The ability of the baroreceptors to 


maintain relatively constant arterial pressure is ex¬ 
tremely important when a person sits or stands after 
having been lying down. Immediately upon standing, 
the arterial pressure in the head and upper part of the 
body obviously tends to fall, and marked reduction of 
this pressure can cause loss of consciousness. Fortu¬ 
nately, however, the falling pressure at the barorecep¬ 
tors elicits an immediate reflex, resulting in strong 
sympathetic discharge throughout the body, and this 
minimizes the decrease in pressure in the head and 
upper body. 

The "Buffer" Function of the Baroreceptor Control 
System. Because the baroreceptor system opposes ei¬ 
ther increases or decreases in arterial pressure, it is 
often called a pressure buffer system, and the nerves 
from the baroreceptors are called buffer nerves. 

Figure 27-8 illustrates the importance of this buffer 
function of the baroreceptors. The upper record in this 
figure shows an arterial pressure recording for 2 hours 
from a normal dog and the lower record from a dog 
whose baroreceptor nerves from both the carotid si¬ 
nuses and the aorta had previously been removed. 
Note the extreme variability of pressure in the dener- 
vated dog caused by simple events of the day, such as 
lying down, standing, excitement, eating, defecation, 
noises, and so forth. 

Figure 27-9 illustrates the frequency distributions 
of the arterial pressures recorded for a full 24-hour day 
in both the normal dog and the denervated dog. Note 
that when the baroreceptors were normal, the arterial 
pressure remained throughout the day within a nar¬ 
row range between 85 and 115 mm Hg—indeed, dur¬ 
ing most of the day at almost exactly 100 mm Hg. On 
the other hand, after denervation of the baroreceptors, 
the frequency distribution curve became the broad, 
low curve of the figure, showing that the pressure 
range increased 2.5-fold, frequently falling to as low as 
50 mm Hg or rising to over 160 mm Hg. Thus, one can 
see the extreme variability of pressure in the absence of 
the arterial baroreceptor system. 

In summary, a primary purpose of the arterial baro- 
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receptor system is o reduce the daily variation in arte¬ 
rial pressure to about one half to one third that which 
would occur were the baroreceptor system not present. 

Unimportance of the Baroreceptor System for 
Long-Term Reg ilation of Arterial Pressure—"Re¬ 
setting" of the Baroreceptors. The baroreceptor con¬ 
trol system is probably of little or no importance in 
long-term regulatirm of arterial pressure for a very sim¬ 
ple reason: The br r oreceptors themselves reset in 1 to 2 
days to whatevei . essure level they are exposed. That 
is, if the press '' es from the normal value of 
100 mm Hg to 2b ? ' r n Hg, extreme numbers of baro¬ 
receptor impulses are at first transmitted. During the 
next few second^ iie rate of firing diminishes consid¬ 
erably; then it v. - hes much more slowly during 
the next 1 to 2 the end of which time the rate 

will have retun ^ntially to the normal level de¬ 

spite the fact ti . j arterial pressure now remains 
200 mm Hg. Cor. rsely, when the arterial pressure 
falls to a very lo'^ ' -1, the baroreceptors at first trans¬ 

mit no impulse? but gradually over a day or two 
the rate of bare % firing returns again to the orig¬ 

inal control le\ 

This "Tesettin le baroreceptors obviously pre¬ 

vents the barort or reflex from functioning as a 
control system fc ''terial pressure changes that last 
longer than a few <;s at a time. In fact, referring again 
to Figure 27-8 an J 2^-9, one can see that the average 
arterial pressure n er any prolonged period of time is 



Time (min) 

Figure 27 — 8. Two-hour records of arterial pressure in a normal 
dog (above) and in the same dog (below) several weeks after the 
baroreceptors had been denervated. (From Cowley, Liard, and 
Guvlon: Circ. Res.. 32-564, 1973. By permission of the American 
Heart Association, Inc.) 



Mean arterial pressure (mm Hg) 

Figure 27 — 9. Frequency distribution curv es of the arterial pres¬ 
sure for a 24-hour period in a normal dog and in the same dog 
several weeks after the baroreceptors had been denervated. 
(From Cowley. Liard, and Guyton: Circ. Res., 32:564, 1973. By 
permission of the American Heart Association, Inc.) 


almost exactly the same whether the baroreceptors are 
present or not. This illustrates the unimportance of the 
baroreceptor system for long-term regulation of the arte¬ 
rial pressure even though it is a potent mechanism for 
preventing the rapid changes of arterial pressure that 
occur moment by moment or hour by hour. Prolonged 
regulation of arterial pressure requires other control 
systems, principally the renal-body fluid-pressure 
control system (along with its associated hormonal 
mechanisms.) 

Control of Arterial Pressure by the Carotid 
and Aortic Chemoreceptors — Effect of 
Oxygen Lack on Arterial Pressure 

Closely associated with the baroreceptor pressure control 
system is a chemoreceptor reflex that operates in much the 
same way as the baroreceptor reflex except that instead of 
stretch receptors initiating the response, chemoreceptors do 
this. 

The chemoreceptors are chemosensitive cells sensitive to 
oxygen lack, carbon dioxide excess, or hydrogen ion excess. 
They are located in several small organs 1 to 2 mm in size: 
two carotid bodies, one of which lies in the bifurcation of each 
common carotid artery, and several aortic bodies adjacent to 
the aorta. The chemoreceptors excite nerve fibers that pass 
along with the baroreceptor fibers through Hering's nerves 
and the vagus nerves into the vasomotor center. 

Each carotid or aortic body is supplied with an abundant 
blood flow through a small nutrient artety, so that the che¬ 
moreceptors are always in close contact with the arterial 
blood. Whenever the arterial pressure falls below a critical 
level, the chemoreceptors become stimulated because of di¬ 
minished blood flow to the bodies and therefore diminished 
availability of oxygen and excess buildup of carbon dioxide 
and hydrogen ions that are not removed by the slow flow of 
blood. 

The signals transmitted from the chemoreceptors into the 
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vasomotor center excite the vasomotor center, and this ele¬ 
vates the arterial pressure. Obviously, this reflex helps to 
return the arterial pressure back toward the normal level 
whenever it falls too low. 

However, the chemoreceptor reflex is not a powerful arte¬ 
rial pressure controller in the normal arterial pressure range 
because the chemoreceptors themselves are not stimulated 
strongly until the arterial pressure falls below 80 mm Hg. 
Therefore, it is at the lower pressures that this reflex becomes 
important to help prevent still further fall in pressure. 

The chemoreceptors are discussed in much more detail 
later in the chapter in relation to respiratory control, in which 
they play an even more important role than in pressure con¬ 
trol. 


THE CENTRAL l^ERVOVS SVSTEH 
ISCHEHiC RESPOIMSE—CODITROL OF 
ARTERIAL PRESSURE BY THE 
VASOHOTOR CEIMTER IIY RESPOIYSE TO 
OmimSHED BRAIIV BLOOD FLOW 

Normally, most nervous control of blood pressure is 
achieved by reflexes originating in the baroreceptors, the 
chemoreceptors, and the low pressure receptors, all of which 
are located in the peripheral circulation outside the brain. 
However, when blood flow to the vasomotor center in the 
lower brain stem becomes decreased enough to cause nutri¬ 
tional deficiency, that is, to cause cerebral ischemia, the neu¬ 
rons in the vasomotor center itself respond directly to the 
ischemia and become strongly excited. When this occurs, the 
systemic arterial pressure often rises to a level as high as the 
heart can possibly pump. This effect is believed to be caused 
by failure of the slowly flowing blood to carry carbon dioxide 
away from the vasomotor center; the local concentration of 
carbon dioxide then increases greatly and has an extremely 
potent effect in stimulating the sympathetic nervous system. 
It is possible that other factors, such as the buildup of lactic 
acid and other acidic substances, also contribute to the 
marked stimulation of the vasomotor center and to the ele¬ 
vation in pressure. This arterial pressure elevation in re¬ 
sponse to cerebral ischemia is known as the central nervous 
system ischemic response or simply CNS ischemic response. 

The magnitude of the ischemic effect on vasomotor activ¬ 
ity is tremendous; it can elevate the mean arterial pressure 
for as long as 10 min sometimes to as high as 250 mm Hg. 
The degree of sympathetic vasoconstriction caused by intense 
cerebral ischemia is often so great that some of the peripheral 
vessels become totally or almost totally occluded. The kidneys, 
for instance, often entirely cease their production of urine 
because of arteriolar constriction in response to the sympa¬ 
thetic discharge. Therefore, the CNS ischemic response is one 
of the most powerful of all the activators of the sympathetic 
vasoconstrictor system. 

Importance of the CNS Ischemic Response as a Regula¬ 
tor of Arterial Pressure. Despite the extremely powerful 
nature of the CNS ischemic response, it does not become 
very active until the arterial pressure falls far below normal, 
down to 60 mm Hg and below, reaching its greatest degree 
of stimulation at a pressure of 15 to 20 mm Hg. Therefore, it 
is not one of the usual mechanisms for regulating normal 
arterial pressure. Instead, it operates principally as an emer¬ 
gency arterial pressure control system that acts rapidly and ex¬ 
tremely powerfully to prevent further decrease in arterial pres¬ 
sure whenever blood flow to the brain decreases dangerously 
close to the lethal level. It is sometimes called the “last ditch 
stand" pressure control mechanism. 


■ IVERVOUS COi\TROL OF 
BODY WATER AIVD BODY 
FLUID OSMOLALITY 

Another important function of the nervous system in 
controlling the overall environment of the body is its 
capability to control the amount of water in the body. 
This is achieved by two separate centers located in the 
anterior and lateral hypothalamus: (1) a center for con¬ 
trolling the rate of excretion of water by the kidneys 
and (2) a center for controlling the rate of intake of 
water by mouth. The first of these centers is called the 
antidiuretic center because it controls the secretion of 
the hormone antidiuretic hormone, which in turn acts 
on the kidneys to reduce water excretion, thus retain¬ 
ing water in the body. The second of these centers is 
the thirst center, which controls one's drive to drink 
liquids. 

At the same time that the nervous system controls 
total body water, it also controls the concentration of 
the dissolved constituents in both the extracellular and 
intracellular fluid. The normal concentration of these 
fluids is about 300 mOsm of solute in each liter of fluid. 
In the extracellular fuid, almost half of these millios- 
moles are comprised of sodium ions, and most of the 
remaining one half are negative ions that balance the 
sodium ions. Therefore, the total osmolality of the 
fluids is mainly determined either directly or indirectly 
by the sodium concentration itself. 

The basic stimulus to the receptors in both the anti¬ 
diuretic center and the thirst center is the osmolality of 
the extracellular fluid, but since this is determined al¬ 
most entirely by the sodium ion concentration, these 
receptors are in effect sodium receptors as well and can 
be called either osmoreceptors or osmosodium receptors. 
When the osmolality of the extracellular fluid becomes 
too great, this activates the antidiuretic system to retain 
water and the thirst system to increase water intake, 
thus diluting the fluids and correcting the hyperosmo¬ 
tic state. Conversely, a hypo-osmotic state inactivates 
the antidiuretic mechanism as well as thirst, so that 
excessive amounts of water are now excreted in the 
urine and at the same time the person drinks little if 
any water until the hypo-osmotic state is corrected. In 
the following sections we will explain these two ner¬ 
vous mechanisms for body water control. 

THE OSMORECEPTOR-AiYTIDWRETIC 
HOR3IOXE FEEDBACK COIYTROL 
SYSTEM 

Figure 27-10 illustrates the osmoreceptor-anti¬ 
diuretic hormone system for control of extracellular 
fluid sodium concentration and osmolality. It is a typi¬ 
cal feedback control system that operates by the fol¬ 
lowing steps: 

1. An increase in osmolality (mainly excess sodium 
and the negative ions that go with it) excites osmore¬ 
ceptors located in the anterior hypothalamus near to 
the supraoptic nuclei. 
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Figure 27-10. Control of extracellular fluid osmolality and so¬ 
dium ion concentration by the osmosodium receptor-antidiuretic 
hormone feedback control system. 


2. Excitation of the osmoreceptors in turn stimulates 
the supraoptic nuclei, which then cause the posterior 
pituitary gland to release ADH. 

3. The ADH increases the permeability of the late 
distal tubules, the cortical collecting ducts, and the col¬ 
lecting ducts to water and therefore causes increased 
conservation of water by the kidneys, 

4. The conserv^ation of water but loss of sodium and 
other osmolar substances in the urine causes dilution of 
the sodium and other substances in the extracellular 
fluid, thus correcting the initial, excessively concen¬ 
trated extracellular fluid. 


Conversely, when the extracellular fluid becomes 
too dilute (hypo-osmotic), less ADH is formed, and 
excess water is lost in comparison with the extracellu¬ 
lar fluid solutes, thus concentrating the body fluids 
back toward normal. 

The Osmoreceptors (or Osmosodium Receptors) 
— The "AV3V Region'' of the Brain. Figure 27-11 
illustrates the hypothalamus and the pituitary gland. 
The hypothalamus contains two areas that are impor¬ 
tant in controlling ADH secretion and also in control¬ 
ling thirst. One of these is the supraoptic nuclei. Here 
about five sixths of the ADH is formed in the cell 
bodies of large neuronal cells; the remaining one sixth 
is formed in the nearby paraventricular nuclei. This 
hormone is transported down the axons of the neurons 
to their tips, terminating in the posterior pituitary 


gland. When the supraoptic and paraventricular nuclei 
are stimulated, nerve impulses pass to these nerve end¬ 
ings and cause ADH to be released into the capillary 
blood of the posterior pituitary gland. 

A second neuronal area important in controlling os¬ 
molality is a broad area located along the anteroventral 
border of the third ventricle, called the AV3V region, 
also illustrated in Figure 27 -11. At the superior part of 
this area is a special structure called the subfornical 
organ and at the inferior part another called the or- 
ganum vasculosum of the lamina terminalis. In between 
these two "organs" is the median preoptic nucleus, 
which has multiple nervous connections with the two 
organs and also with both the supraoptic nuclei and 
the blood pressure control centers in the medulla of the 
brain. Lesions in this AV3V region cause multiple defi¬ 
cits in the control of ADH secretion, thirst, sodium 
appetite, and blood pressure. Also, electrical stimula¬ 
tion as well as stimulation by the hormone angiotensin 
II can alter ADH secretion, thirst, and sodium appetite. 

In the vicinity of the AV3V region and the supraop¬ 
tic nuclei are other neuronal cells that are excited by 
very minute increases in extracellular fluid osmolahty 
and, conversely, inhibited by decreases in osmolality. 
These neurons are called osmoreceptors. They in turn 
send nerve signals to the supraoptic nuclei to control 
the secretion of ADH. It is likely that they also induce 
thirst as well. 

Both the subfornical organ and the organum vascu¬ 
losum of the lamina terminalis have vascular supplies 



Antidiuretic- 
^ Thirst area 

(? Osmoreceptors) 


Supraoptic nuclei 
Optic chiasm 




Mammillary body 


Anterior pituitary 
Posterior pituitary 
Release of ADH 


Figure 27—11. The supraopticopituitary anti diuretic system 
and its relationship to the thirst center in the hypothalamus. 
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that lack the typical blood-brain barrier present else¬ 
where in the brain that impedes diffusion of most ions 
from the blood into the brain tissue. Therefore, this 
makes it possible for ions and other solutes to cross 
with ease between the blood and the local interstitial 
fluid. In this way the osmoreceptors respond rapidly to 
changes in the osmolality of the fluid in the blood, 
exerting powerful control over the secretion of ADH 
and probably over thirst as well. 

Summary of the Antidiuretic Hormone Mecha¬ 
nism for Controlling Extracellular Fluid Osmolality 
and Extracellular Fluid Sodium Concentration. 
From these discussions, we can reiterate once again the 
importance of the ADH mechanism for controlling at 
the same time both extracellular fluid osmolality and 
extracellular fluid sodium concentration. That is, an 
increase in sodium concentration causes almost an ex¬ 
actly parallel increase in osmolality, which in turn ex¬ 
cites the osmoreceptors of the hypothalamus. These 
receptors then cause the secretion of ADH, which 
markedly increases the reabsorption of water in the 
renal tubules. Consequently, very little water is lost 
into the urine, but the urinary solutes continue to be 
lost. Therefore, the relative proportion of water in the 
extracellular fluid increases, whereas the proportion of 
solutes decreases. In this way, the sodium ion concen¬ 
tration of the extracellular fluid, and the osmolality as 
well, decrease toward the normal level. This is a very 
powerful mechanism for controlling both the extracel¬ 
lular fluid osmolality and the extracellular fluid so¬ 
dium concentration. 


THIRST AiXD ITS ROLE LV 
CO\TROLLISG EXTRACELLVLAR 
FLUID OSMOLALITY AND SODIU3I 
CONCENTRATION 

The phenomenon of thirst is equally as important for 
regulating body water, osmolality, and sodium con¬ 
centration as is the osmoreceptor-renal mechanism 
previously discussed because the amount of water in 
the body at any one time is determined by the balance 
between both intake and output of water. Thirst, the 
primary regulator of the intake of water, is defined as 
the conscious desire for water. 

Neural Integration of Thirst — 

The ^^ThirsC^ Center 

Referring again to Figure 27-11, note that the same 
area along the anteroventral wall of the third ventricle 
that promotes antidiuresis can also cause thirst. Also 
located anterolaterally in the preoptic hypothalamus 
are other small areas that, when stimulated electri¬ 
cally, will cause immediate onset of drinking that con¬ 
tinues as long as the stimulation lasts. All these areas 
together are called the thirst center. 

Injection of hypertonic salt solution into portions of 
the center causes osmosis of water out of the neuronal 
cells, and this causes drinking. Therefore, these cells 
function as osmoreceptors to activate the thirst mecha¬ 


nism. Probably these are the same osmoreceptors that 
activate the antidiuretic system as well. 

In addition, an increase in osmotic pressure of the 
cerebrospinal fluid in the third ventricle has essentially 
the same effect to promote drinking. Some experi¬ 
ments suggest that the site of this effect is the organum 
vasculosum of the lamina terminalis, which lies immedi¬ 
ately beneath the ventricular surface at the inferior- 
most end of the AV3V region. Neuronal cells found 
here have been shown to be excited by increased os¬ 
molality. 

Basic Stimulus for Exciting Thirst — Intracellular 
Dehydration. Any factor that will cause intracellular 
dehydration will in general cause the sensation of thirst. 
The most common cause of this is increased osmolar 
concentration of the extracellular fluid, especially in¬ 
creased sodium concentration, which causes osmosis 
of fluid from the neuronal cells of the thirst center. 
However, another important cause is excessive loss of 
potassium from the body, which reduces the intracel¬ 
lular potassium of the thirst cells and therefore de¬ 
creases their volume. 


Temporary Relief of Thirst Caused by 
the Act of Drinking 

A thirsty person receives relief from thirst immediately 
after drinking water, even before the water has been 
absorbed from the gastrointestinal tract. In fact, in per¬ 
sons who have an esophageal opening to the exterior 
so that the water is lost to the outside and never goes 
into the gastrointestinal tract, partial relief of thirst still 
occurs, but this relief is only temporary, and the thirst 
returns after 15 or more min. If the water does enter the 
stomach, distension of the stomach and other portions 
of the upper gastrointestinal tract provides still further 
temporary relief from thirst. Indeed, even simple in¬ 
flation of a balloon in the stomach can relieve thirst for 
5 to 30 min. 

One might wonder what the value of this temporary 
relief from thirst could be, but there is good reason for 
its occurrence. After a person has drunk water, as long 
as V 2 to 1 hour may be required for all the water to be 
absorbed and distributed throughout the body. Were 
the thirst sensation not temporarily relieved after 
drinking water, the person would continue to drink 
more and more. When all this water should finally 
become absorbed, the body fluids would be far more 
diluted than normal, and an abnormal condition op¬ 
posite to that which the person was attempting to cor¬ 
rect would have been created. It is well known that a 
thirsty animal almost never drinks more than the 
amount of water needed to relieve its state of dehydra¬ 
tion. Indeed, it is uncanny that the animal usually 
drinks almost exactly the right amount. 

Role of Thirst in Controlling 
Extracellular Fluid Osmolality and 
Sodium Concentration 

Threshold for Drinking — The Tripping Mecha¬ 
nism. The kidneys are continually excreting fluid; also 
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water is lost by evaporation from the skin and lungs. 
Therefore, a person is continually being dehydrated, 
causing the volume of extracellular fluid to decrease 
and its concentration of sodium and other osmolar 
elements to rise. When the sodium concentration rises 
approximately 2 mEq/L above normal (or the osmolal¬ 
ity rises approximately 4 mOsm/L abov^e normal), the 
drinking mechanism becomes "'tripped"; that is, the 
person then reaches a level of thirst that is strong 
enough to activate the necessar\^ motor effort to cause 
drinking. This is called the threshold for drinking. The 
person ordinarily drinks precisely the required amount 
of fluid to bring the extracellular fluids back to normal 
—that is, to a state of satiety. Then the process of de¬ 
hydration and sodium concentration begins again, and 
after a period of time the drinking act is tripped again, 
the process continuing on and on indefinitely. 

In this way, both the osmolality and the sodium 
concentration of the extracellular fluid are very pre¬ 
cisely controlled. 

COMBLXED ROLES OF THE 
AXTIDHIRETIC A\D THIRST 
MECHAXIS.HS FOR CONTROL OF 
EXTRACELLLLAR FLUID OS.MOLALm 
AXD SODW3I CO\CEi\TRATIOX 

When either the ADH mechanism or the thirst mecha¬ 
nism fails, the other ordinarily can still control both 
extracellular fluid osmolality and sodium concentra¬ 
tion with reasonable effectiveness. On the other hand, 
if both of them fail simultaneously, neither sodium nor 
osmolality is then adequately controlled. 

Figure 27-12 illustrates dramatically the overall ca¬ 
pability of the ADH-thirst system to control extracel¬ 
lular fluid sodium concentration (and therefore osmo¬ 
lality as w^ell). This figure demonstrates the ability of 
the same animals to control their extracellular fluid 
sodium concentrations in tw^o different conditions: (1) 
in the normal state and (2) after both the ADH and 
thirst mechanisms had been blocked. Note that in the 
normal state (the solid cur\"e), a sixfold increase in 
sodium intake caused the sodium concentration to 
change only two thirds of 1 per cent (from 142 mEq/L 
to 143 mEq/L) — an excellent degree of sodium con¬ 
centration control. Now^ note the dashed cur\^e of the 
figure, w^hich show^s the change in sodium concentra¬ 
tion w^hen the ADH-thirst system w^as blocked. In this 
case, the sodium concentration increased 10 per cent 
with only a fivefold increase in sodium intake (a 
change in sodium concentration from 137 mEq/L to 
151 mEq/L), w^hich is an extreme change in sodium 
concentration w^hen one realizes that the normal so¬ 
dium concentration rarely rises or falls more than 1 per 
cent from day to day. 

Therefore, the major feedback mechanism for con¬ 
trol of sodium concentration (and also for extracellular 
osmolality) is the ADH-thirst mechanism. In the ab¬ 
sence of this dual mechanism there is no feedback 
mechanism that will cause the body to increase w^ater 
ingestion or w^ater conservation by the kidneys w^hen 



Figure 27-12. Elfect on the extracellular fluid sodium concen¬ 
tration in dogs caused by tremendous changes in sodium intake (1) 
under normal conditions, and (2) after the antidiuretic hormone 
and thirst feedback systems had been blocked. This figure shows 
lack of sodium ion control in the absence of these systems. (Cour¬ 
tesy of Dr. David B. Young.) 

excess sodium enters the body. Therefore, the sodium 
concentration simply increases. 

Effect of Cardiovascular Reflexes on 
the ADH~Thirst Control System 

Tw^o cardiovascular reflexes also have powerful effects 
on the ADH-thirst mechanism: (1) the arterial barore- 



Per cent change 

Figure 27-13. Effect of changes in plasma osmolality or blood 
v olume on the level of plasma antidiuretic hormone (ADH) (argi¬ 
nine v asopressin (AVP]). (From Dunn et al.: J. Clin. Invest., 52:3212, 
1973. By copyright permission of the American Society for Clinical 
Investigation.) 
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ceptor reflex and (2) the volume receptor reflex, (a reflex 
initiated by decreased stretch of the atria of the heart). 
When the blood volume falls, both of these cause in¬ 
creased secretion of ADH and increased thirst. That is, 
a decrease in blood volume causes the arterial pressure 
to fall and activates the arterial baroreceptor reflex. 
And the volume receptor reflex is activated when the 
pressures in the two atria, in the pulmonary artery, and 
in other low pressure areas of the lesser circulation fall 
below normal, all a common result of too little volume 
in the circulation. The net result is to activate the 
ADH-thirst system and thereby to increase the body 
fluid volume. 

To compare the osmolality effects in activating the 
ADH system with the circulatory reflex effects. Figure 
27-13 illustrates by the open circles the effect of in¬ 
creases in body fluid osmolality to cause ADH secre¬ 
tion and by the solid circles the effect of decreased 
blood volume. 



Figure 27—14. Organization of the respiratory center. 


■ REGULATIOIV OF 
RESPIRATIOIV 

The nervous system adjusts the rate of alveolar venti¬ 
lation almost exactly to the demands of the body so 
that the arterial blood oxygen pressure (POj) and car¬ 
bon dioxide pressure (PcOj) are hardly altered even 
during strenuous exercise and most other types of res¬ 
piratory stress. 

The present section describes the operation of this 
neurogenic system for regulation of respiration. 


THE RESPMRATORY CEJSTER 

The "respiratory center" is composed of several widely 
dispersed groups of neurons located bilaterally in the 
medulla oblongata and pons, as illustrated for one side 
in Figure 27-14. It is divided into three major collec¬ 
tions of neurons: (1) a dorsal respiratory group, located 
in the dorsal portion of the medulla, which mainly 
causes inspiration; (2) a ventral respiratory group, lo¬ 
cated in the ventrolateral part of the medulla, which 
can cause either expiration or inspiration, depending 
upon which neurons in the group are stimulated; and 
(3) the pneumotaxic center, located dorsally in the supe¬ 
rior portion of the pons, which helps control both the 
rate and pattern of breathing. The dorsal respiratory 
group of neurons plays the fundamental role in the 
control of respiration. Therefore, let us discuss its func¬ 
tion first. 


The Dorsal Respiratory Group of 
Dleurons — its inspiratory and 
Rhythmical Functions 

The dorsal respiratory group of neurons extends most 
of the length of the medulla. Either all or most of its 
neurons are located within the nucleus of the tractus 
solitarius, though additional neurons in the adjacent 
reticular substance of the medulla probably also play 


important roles in respiratory control. The nucleus of 
the tractus solitarius is also the sensory termination of 
both the vagal and glossopharyngeal nerves, which 
transmit sensory signals into the respiratory center 
from the peripheral chemoreceptors, the barorecep- 
tors, and several different types of receptors in the 
lung. All the signals from these peripheral areas help in 
the control of respiration, as we discuss in subsequent 
sections of this chapter. 

Rhythmical Inspiratory Discharges from the 
Dorsal Respiratory Group. The basic rhythm of respi¬ 
ration is generated mainly in the dorsal respiratory 
group of neurons. Even when all the peripheral nerves 
entering the medulla are sectioned and the brain stem 
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1. Control of the rate of increase of the ramp signal, 
so that during very active respiration the ramp in¬ 
creases rapidly and therefore fills the lungs rapidly as 
well. 

2. Control of the limiting point at which the ramp 
suddenly ceases. This is the usual method for control¬ 
ling the rate of respiration; that is, the earlier the ramp 
ceases, the shorter the duration of inspiration. For rea¬ 
sons not presently understood, this also shortens the 
duration of expiration. Thus, the rate of respiration is 
increased. 

The Pneumotaxic Center — Mis Function 
in Limiting the Duration of Inspiration 
and Increasing Respiratory Rate 

The pneumotaxic center, located dorsally in the nu¬ 
cleus parabrachialis of the upper pons, transmits im¬ 
pulses continuously to the inspiratory area. The pri¬ 
mary effect of these is to control the ''switch-off " point 
of the inspiratory ramp, thus controlling the duration 
of the filling phase of the lung cycle. When the pneu¬ 
motaxic signals are strong, inspiration might last for as 
little as 0.5 sec; but when weak, for as long as 5 or more 
secs, thus filling the lungs with a great excess of air. 

Therefore, the function of the pneumotaxic center is 
primarily to limit inspiration. However, this has a sec¬ 
ondary effect of increasing the rate of breathing be¬ 
cause limitation of inspiration also shortens expiration 
and the entire period of respiration. Thus, a strong 
pneumotaxic signal can increase the rate of breathing 
up to 30 to 40 breaths/min, whereas a weak pneumo¬ 
taxic signal may reduce the rate to only a few breaths 
per minute. 

The Ventral Respiratory Group of 
Xeurons — Its Function in Both 
Inspiration and Expiration 

Located about 5 mm anterior and lateral to the dorsal 
respiratory group of neurons is the ventral respiratory 
group of neurons, found in the nucleus ambiguus ros- 
trally and the nucleus retroambiguus caudally. The 
function of this neuronal group differs from that of the 
dorsal respiratory group in several important ways; 

1. The neurons of the ventral respiratory group re¬ 
main almost totally inactive during normal quiet respi¬ 
ration. Therefore, normal quiet breathing is caused 
only by repetitive inspiratory signals from the dorsal 
respiratory group transmitted mainly to the dia¬ 
phragm, and expiration results from elastic recoil of 
the lungs and thoracic cage. 

2. There is no evidence that the ventral respiratory 
neurons participate in the basic rhythmic oscillation 
that controls respiration. 

3. When the respiratory drive for increased pulmo¬ 
nary^ ventilation becomes greater than normal, respira¬ 
tory signals then spill over into the ventral respiratory 
neurons from the basic oscillating mechanism of the 
dorsal respiratory area. As a consequence, the ventral 
respiratory area then does contribute its share to the 
respiratory drive as well. 


4. Electrical stimulation of some of the neurons in 
the ventral group causes inspiration, whereas stimula¬ 
tion of others causes expiration. Therefore, these neu¬ 
rons contribute to both inspiration and expiration. 
However, they are especially important in providing 
the powerful expiratory signals to the abdominal mus¬ 
cles during expiration. Thus, this area operates more or 
less as an overdrive mechanism when high levels of 
pulmonary ventilation are required. 

Reflex Limitation of Inspiration by 
Lung Inflation Signals — The Hering- 
Breuer Inflation Reflex 

In addition to the neural mechanisms operating en¬ 
tirely within the brain stem, reflex signals from the 
periphery also help to control respiration. Most impor¬ 
tant, located in the walls of the bronchi and bron¬ 
chioles throughout the lungs are stretch receptors that 
transmit signals through the vagi into the dorsal respi¬ 
ratory group of neurons when the lungs become over¬ 
stretched. These signals affect inspiration in much the 
same way as signals from the pneumotaxic center; that 
is, when the lungs become overly inflated, the stretch 
receptors activate an appropriate feedback response 
that "switches off" the inspiratory ramp and thus 
stops further inspiration. This is called the Hering- 
Breuer inflation reflex. This reflex also increases the rate 
of respiration, the same as is true for signals from the 
pneumotoxic center. 

However, in human beings, the Hering-Breuer re¬ 
flex probably is not activated until the tidal volume 
increases to greater than approximately 1.5 L. There¬ 
fore, this reflex appears to be mainly a protective 
mechanism for preventing excess lung inflation rather 
than an important ingredient in the normal control of 
ventilation. 

Control Of Oi erall Respiratory 
Center Actiilty 

Up to this point we have discussed the basic mecha¬ 
nisms for causing inspiration and expiration, but it is 
also important to know how the intensity of the respi¬ 
ratory control signals is increased or decreased to 
match the ventilatory needs of the body. For example, 
during very heavy exercise, the rates of oxygen utiliza¬ 
tion and carbon dioxide formation are often increased 
to as much as 20 times normal, requiring commensu¬ 
rate increases in pulmonary ventilation. 

The major purpose of the remainder of this chapter 
is to discuss this control of ventilation in response to 
the needs of the body. 


CHERICAL COXTROL OF RESPIRATIOX 

The ultimate goal of respiration is to maintain proper 
concentrations of oxygen, carbon dioxide, and hydro¬ 
gen ions in the tissues. It is fortunate, therefore, that 
respiratory activity is highly responsive to changes in 
each of these. 
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Excess carbon dioxide or hydrogen ions mainly stim¬ 
ulate the respiratory center itself, causing greatly in¬ 
creased strength of both the inspiratory and expiratory 
signals to the respiratory muscles. 

Oxygen, on the other hand, does not have a signifi¬ 
cant direct effect on the respiratory center of the brain 
in controlling respiration. Instead, it acts almost en¬ 
tirely on peripheral chemoreceptors located in the ca¬ 
rotid and aortic bodies, and these in turn transmit ap¬ 
propriate nervous signals to the respiratory center for 
control of respiration. 

Let us discuss first the stimulation of the respiratory 
center itself by carbon dioxide and hydrogen ions. 

Direct Chemical Control Of Respiratory 
Center ActMty By Carbon Dioxide And 
Hydrogen ions 

The Chemosensitive Area of the Respiratory 
Center. We have discussed mainly three different 
areas of the respiratory center: the dorsal respiratory 
group of neurons, the ventral respiratory group, and 
the pneumotaxic center. However, it is believed that 
none of these are affected directly by changes in blood 
carbon dioxide concentration or hydrogen ion concen¬ 
tration. Instead, an additional neuronal area, a very 
sensitive chemosensitive area, illustrated in Figure 
27-15, is located bilaterally lying less than 1 mm be¬ 
neath the ventral surface of the medulla. This area is 
highly sensitive to changes in either blood PCO 2 or 
hydrogen ion concentration, and it in turn excites the 
other portions of the respiratory center. 

Response of the Chemosensitive Neurons to Hy¬ 
drogen Ions — The Primary Stimulus. The sensor 
neurons in the chemosensitive area are especially ex¬ 
cited by hydrogen ions; in fact, it is believed that hy¬ 
drogen ions are perhaps the only important direct 
stimulus for these neurons. Unfortunately, though, 
hydrogen ions do not easily cross either the blood- 



Fil^ure 27-15. Stimulation of the inspiratory area by the che¬ 
mosensitive area located bilaterally in the medulla, lying only a 
few microns beneath the ventral medullary surface. Xote also that 
hydrogen ions stimulate the chemosensitive area, whereas car¬ 
bon dioxide in the fluid gives rise to most of the hydrogen ions. 


brain barrier or the blood-cerebrospinal fluid barrier. 
For this reason, changes in hydrogen ion concentration 
in the blood actually have considerably less effect in 
stimulating the chemosensitive neurons than do 
changes in carbon dioxide, even though carbon diox¬ 
ide stimulates these neurons indirectly, as is explained 
below. 

Effect of Blood Carbon Dioxide on Stimulating 
the Chemosensitive Area. Though carbon dioxide 
has very little direct effect to stimulate the neurons in 
the chemosensitive area, it does have a very potent 
indirect effect. It does this by reacting with the water of 
the tissues to form carbonic acid. This in turn dissoci¬ 
ates into hydrogen and bicarbonate ions; the hydrogen 
ions then have a potent direct stimulatory effect. These 
reactions are illustrated in Figure 27-15. 

Why is it that blood carbon dioxide has a more po¬ 
tent effect in stimulating the chemosensitive neurons 
than do blood hydrogen ions? The answer is that the 
blood-brain barrier and the blood-cerebrospinal fluid 
barrier are both almost completely impermeable to hy¬ 
drogen ions, whereas carbon dioxide passes through 
both these barriers almost as if they did not exist. Con¬ 
sequently, whenever the blood PcOj increases, so also 
does the PCO 2 of both the interstitial fluid of the me¬ 
dulla and of the cerebrospinal fluid. In both of these 
fluids the carbon dioxide immediately reacts with the 
water to form hydrogen ions. Thus, paradoxically, 
more hydrogen ions are released into the respiratory 
chemosensitive sensory area when the blood carbon 
dioxide concentration increases than when the blood 
hydrogen ion concentration increases. For this reason, 
respiratory center activity is affected considerably 
more by changes in blood carbon dioxide than by 
changes in blood hydrogen ions, a fact that we subse¬ 
quently discuss quantitatively. 

Importance of Cerebrospinal Fluid PCO 2 in Stimulating 
the Chemoreceptive Area. Changing the PCO2 in the cerebro¬ 
spinal fluid that bathes the surface of the brainstem chemo¬ 
receptive area will excite respiration in the same way that 
increased PCO2 in the medullary interstitial fluids also excites 
respiration. However, the excitation occurs far more rapidly. 
The reason for this is believed to be that the cerebrospinal 
fluid has very little protein acid-base buffers. Therefore, the 
hydrogen ion concentration increases almost instantly when 
carbon dioxide enters the cerebrospinal fluid from the exten¬ 
sive arachnoid blood vessels. By contrast, the brain tissues 
have great quantities of protein buffers, so that the change 
there in hydrogen ion concentration in response to carbon 
dioxide is greatly delayed. Consequently, the initial rapid 
excitation of the respiratory system by carbon dioxide enter¬ 
ing the cerebrospinal fluid occurs within seconds, in compar¬ 
ison with as long as a minute or more for the stimulation 
through the brain interstitial fluid. 

Decreased Stimulatory Effect of Carbon Dioxide 
After the First 1 to 2 Days. The excitation of the respi¬ 
ratory center by carbon dioxide is very great the first 
few hours but then gradually declines over the next 1 
to 2 days, decreasing to about one fifth the initial ef¬ 
fect. Part of this decline results from renal readjust¬ 
ment of the hydrogen ion concentration back toward 
normal after the carbon dioxide first increases the hy- 
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drogen concentration. The kidneys achieve this by in¬ 
creasing the blood bicarbonate. This binds with the 
hydrogen ions in the cerebrospinal fluid to reduce their 
concentration. Furthermore, over a period of hours, 
the bicarbonate ions also slowly diffuse through the 
blood-brain and blood-cerebrospinal fluid barriers 
and reduce the hydrogen ions around the respiratory 
neurons as well. 

Therefore, a change in blood carbon dioxide con¬ 
centration has a very potent acute effect on controlling 
respiratory but only a weak chronic effect after a few 
days' adaptation. 

Quantitative Effects of Blood PcOj and Hydrogen 
Ion Concentration on Alveolar Ventilation. Figure 
27-16 illustrates quantitatively the approximate ef¬ 
fects of blood PcOj and blood pH (which is an inverse 
logarithmic measure of hydrogen ion concentration) 
on alveolar ventilation. Note the marked increase in 
ventilation caused by the increase in PcOj. But note 
also the much smaller effect of increased hydrogen ion 
concentration (that is, decreased pH). 

Finally, note the very great change in alveolar venti¬ 
lation in the normal blood PcOj range between 35 and 
60 mm Hg. This illustrates the tremendous effect that 
carbon dioxide changes have in controlling respira¬ 
tion. By contrast, the change in respiration in the nor¬ 
mal pH range between 7.3 and 7.5 is more than ten 
times less. The likely reason for this very great differ- 



pH 

Figure 27-16. Effects of increased arterial PCO 2 and decreased 
arterial on the rate of al\ eolar ventilation. 


ence is the slight permeability of the blood-brain bar¬ 
rier to hydrogen ions in comparison with its extreme 
permeability to carbon dioxide. After the carbon diox¬ 
ide crosses the barrier, however, it reacts with water to 
form large numbers of hydrogen ions that then stimu¬ 
late respiration strongly. Yet the hydrogen ions already 
formed before crossing the barrier cannot cross in large 
enough numbers to be very effective. 

Unimportance of Oxygen for Direct Control of the 
Respiratory Center. Changes in oxygen concentration 
have virtually no direct effect on the respiratory center 
itself to alter respiratory drive (although it does have 
an indirect effect, as explained in the next section). 
Nevertheless, the respiratory control system is quite 
poor in controlling the P 02 in the arterial blood going 
from the lungs to the peripheral tissues. Yet, fortu¬ 
nately, the hemoglobin oxygen buffer system will de¬ 
liver almost exactly normal amounts of oxygen to the 
tissues even when the pulmonary POj changes from a 
value as low as 60 mm Hg up to as high as 1000 mm 
Hg. Therefore, except under special conditions, proper 
delivery of oxygen can occur despite changes in lung 
ventilation ranging from slightly below one half nor¬ 
mal to as high as 20 or more times normal. On the other 
hand, this is not true for carbon dioxide, for both the 
blood and tissue PcOj change almost exactly inversely 
with the rate of pulmonary ventilation; thus, evolution 
has made carbon dioxide the major controller of respi¬ 
ration, not oxygen. 

Yet for those special conditions where the tissues do 
get into trouble for lack of oxygen, the body has a 
special mechanism for respiratory control located out¬ 
side the brain respiratory center; this responds when 
the blood oxygen falls too low, as is explained in the 
following section. 


THE PEtUPHERAL CHE3tORECEPTOR 
SYSTEM FOR COIVTROL OF 
RESPIRATORY ACTIVITY—ROLE OF 
OXYGEJY liV RESPIRATORY COiXTROL 

Aside from the direct control of respiratory activity by 
the respiratory center itself, still another accessory 
mechanism is also available for controlling respiration. 
This is the peripheral chernoreceptor system, illustrated 
in Figure 27-17, Special nervous chemical receptors, 
called chemoreceptors, are located in several areas out¬ 
side the brain and are especially important for detect¬ 
ing changes in oxygen in the blood, although they also 
respond to changes in carbon dioxide and hydrogen 
ion concentrations, too. The chemoreceptors in turn 
transmit nervous signals to the respiratory center to 
help regulate respiratory activity. 

By far the largest number of chemoreceptors are lo¬ 
cated in the carotid bodies. However, a sizable number 
are in the aortic bodies, also illustrated in Figure 27-17, 
and a few are located elsewhere in association with 
other arteries of the thoracic and abdominal regions of 
the body. The carotid bodies are located bilaterally in 
the bifurcations of the common carotid arteries, and 
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Fi^re 27—17. Respiratory control by the carotid and aortic 
bodies. 


their afferent nerv^e fibers pass through Hering's 
nerv^es to the glossopharyngeal nerves and thence to the 
dorsal respirator}^ area of the medulla. The aortic bodies 
are located along the arch of the aorta; their afferent 
nerve fibers pass through the vagi also to the dorsal 
respiratory area. Each of these chemoreceptor bodies 
receives a special blood supply through a minute artery 
directly from the adjacent arterial trunk. Furthermore, 
the blood flow through these bodies is extreme, 20 
times the weight of the bodies themselves each min¬ 
ute. Therefore, the percentage removal of oxygen is 
virtually 0. This means that the chemoreceptors are ex¬ 
posed at all times to arterial blood, not venous blood, 
and their P 02 S are arterial P 02 S. 

Stimulation of the Chemoreceptors by Decreased 
Arterial Oxygen. Changes in arterial oxygen concen¬ 
tration have no direct stimulatory effect on the respira¬ 
tory center itself, but when the oxygen concentration 
in the arterial blood falls below normal, the chemore¬ 
ceptors become strongly stimulated. This effect is illus¬ 
trated in Figure 27-18, which shows the effect of dif¬ 
ferent levels of arterial P 02 on the rate of nerve impulse 
transmission from a carotid body. Note that the im¬ 
pulse rate is particularly sensitive to changes in arterial 
P 02 in the range between 60 and 30 mm Hg, the range 
in which the arterial hemoglobin saturation with oxy¬ 
gen decreases rapidly. 

Effect of Carbon Dioxide and Hydrogen Ion Concentra¬ 
tion on Chemoreceptor Activity. An increase in either car¬ 
bon dioxide concentration or hydrogen ion concentration 
also excites the chemoreceptors and in this way indirectly 
increases respiratory activity. However, the direct effects of 
both these factors in the respiratory center itself are so much 
more powerful than their effects mediated through the che¬ 
moreceptors (about seven times as powerful) that for most 
practical purposes the indirect effects through the chemore¬ 
ceptors do not need to be considered. Yet there is one differ¬ 
ence between the peripheral and central effects of carbon 
dioxide: the peripheral stimulation of the chemoreceptors 
occurs as much as five times as rapidly as central stimulation. 



Figure 27—18. Effect of arterial PO 2 on impulse rate from the 
carotid body of a cat. (Curve drawm from data from several 
sources, but primarily from Von Euler.) 


so that the peripheral chemoreceptors might increase the 
rapidity of response to carbon dioxide at the onset of exer¬ 
cise. 

Basic Mechanism of Stimulation of the Chemoreceptors 
by Oxygen Deficiency. The exact means by w'hich low P02 
excites the ner\'e endings in the carotid and aortic bodies is 
still unknowTi. However, these bodies have two different, 
highly characteristic glandular-like cells in them. For this 
reason, some investigators have suggested that these cells 
might function as the chemoreceptors and then in turn stim¬ 
ulate the nerve endings. However, other studies suggest that 
the nerve endings themselves are directly sensitive to the 
low P02. 


REGVLATIOX OF RESPiRATIOX 
DVRMXG EXERCiSE 

In strenuous exercise, oxygen consumption and carbon 
dioxide formation can increase as much as 20-fold. Yet 
alveolar ventilation ordinarily increases almost exactly 
in step with the increased level of metabolism, as illus¬ 
trated by the relationship between oxygen consump¬ 
tion and ventilation in Figure 27-19. Therefore, the 
arterial P 02 , PCO 2 , and pH all remain almost exactly 
normal 



Figure 27-19. Effect of e.xercise on o.wgen consumption and 
ventilation rate. (From Gray: Pulmonary \ entilation and Its F*hysi- 
ologica! Regulation. Springfield, III., Charles C Thomas.) 
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In trying to analyze the factors that cause increased 
ventilation during exercise, one is tempted immedi¬ 
ately to ascribe this to the chemical alterations in the 
body fluids during exercise, including increase of car¬ 
bon dioxide, increase of hydrogen ions, and decrease 
of oxygen. However, this is not valid, for measure¬ 
ments of arterial PCO 2 , pH, and P 02 show that none of 
these usually changes significantly. 

Therefore, the question must be asked: What is it 
during exercise that causes the intense ventilation? 
This question has not been answered, but at least two 
different effects seem to be predominantly concerned: 

1. The brain, on transmitting impulses to the con¬ 
tracting muscles, is believed to transmit collateral im¬ 
pulses into the brain stem to excite the respiratory 
center. This is analogous to the stimulatory effect of 
the higher centers of the brain on the vasomotor center 
of the brain stem during exercise, causing a rise in 
arterial pressure as well as an increase in ventilation. 

2. During exercise, the body movements, especially 
of the limbs, are believed to increase pulmonary venti¬ 
lation by exciting joint proprioceptors that then trans¬ 
mit excitatory impulses to the respiratory center. The 
reason for believing this is that even passive move¬ 
ments of the limbs often increase pulmonary ventila¬ 
tion severalfold. 

It is possible that still other factors are also important 
in increasing pulmonary ventilation during exercise. 
For instance, some experiments even suggest that hy¬ 
poxia developing in the muscles during exercise elicits 
afferent nerve signals to the respiratory center to excite 
respiration. However, because a large share of the total 



increase in ventilation begins immediately upon the 
initiation of exercise, most of the increase in respiration 
probably results from the two neurogenic factors 
noted above, namely, stimulatory impulses from the 
higher centers of the brain and proprioceptive stimulatory 
reflexes. 

Interrelationship Between Chemical Factors and 
Nervous Factors in the Control of Respiration Dur¬ 
ing Exercise. Figure 27-20 summarizes the control of 
respiration in still another way, this time more quanti¬ 
tatively. The lower curve of this figure shows the effect 
of different levels of arterial PCO 2 on alveolar ventila¬ 
tion when the body is at rest — that is, not exercising. 
The upper curve shows the approximate shift of this 
ventilatory curve caused by the neurogenic drive to the 
respiratory center that occurs during very heavy exer¬ 
cise. The crosses on the two curves show^ the arterial 
PCO 2 S first in the resting state and then in the exercising 
state. Note in both instances that the PCO 2 is exactly at 
the normal level of 40 mm Hg. In other words, the 
neurogenic factor shifts the curve more than 20-fold in 
the upward direction so that the ventilation almost 
exactly matches the rate of oxygen consumption and 
rate of carbon dioxide release, thus keeping the arterial 
P 02 and PCO 2 very near to their normal values. 

Yet the upper curve of Figure 27-20 also illustrates 
that if the arterial PCO 2 does change from the normal 
value of 40 mm Hg, it has its usual stimulatory effect 
on ventilation at PCO 2 S greater than 40, and its usual 
depressant effect at PCO 2 S less than 40 mm Hg. 

Possibility That the Neurogenic Factor for Con¬ 
trol of Ventilation During Exercise Is a Learned Re¬ 
sponse. Many experiments suggest that the brain's 


Figure 27-20. Approximate effect of maximum exercise to shift 
the alveolar PCOz-ventilation response curve to a much higher 
than normal level. The shift, believed to be caused by neurogenic 
factors, is almost exactly the right amount to maintain the arterial 
PCO 2 at the normal lev el of 40 mm Hg both in the resting state and 
during very heavy exercise. 
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ability to shift the ventilatory response curve during 
exercise, as illustrated in Figure 27-20, is mainly 
a learned response. That is, with repeated exercise, 
the brain becomes progressively more able to provide 
the proper amount of brain signal required to keep the 
blood chemical factors at their normal levels. Also, 
there is much reason to believe that some of the higher 
learning centers of the brain are important in this neu¬ 
rogenic respiratory control factor—probably even the 
cerebral cortex. One important reason for believing 
this is that when the cerebral cortex is anesthetized, the 
respiratory control system loses its special ability to 
maintain the arterial blood gases near normal during 
exercise. 
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Regulation of 
Gastrointestinal Funetion^ 
Food Intake^ Mieturition^ and 
Body Temperature 


m iXEURAL COiXTROL OF 
GASTROIi\TESTIi\AL 
FU\CTIOi\ 

The gastrointestinal tract has a nervous system all its 
own called the enteric nervous system. It lies entirely in 
the wall of the gut, beginning in the esophagus and 
extending all the way to the anus. The number of neu¬ 
rons in this enteric system is about 100,000,000, almost 
exactly equal to the number in the entire spinal cord; 
this illustrates the importance of the enteric system for 
controlling gastrointestinal function. It especially con¬ 
trols gastrointestinal movements and secretion. 

The enteric system is composed mainly of two plex¬ 
uses, as illustrated in Figure 28-1: an outer plexus 
lying between the longitudinal and circular muscular 
layers, called the myenteric plexus or Auerbach's plexus; 
and (2) an inner plexus, called the submucosal plexus 
or Meissner's plexus, that lies in the submucosa. The 
myenteric plexus controls mainly the gastrointestinal 
movements, and the submucosal plexus controls 
mainly gastrointestinal secretion and local blood flow. 

Note in Figure 28-1 the sympathetic and parasym¬ 
pathetic fibers that connect with both the myenteric 
and submucosal plexuses. Although the enteric ner¬ 
vous system can function on its own, independently of 
these extrinsic nerves, stimulation of the parasympa¬ 
thetic and sympathetic systems can further activate or 
inhibit gastrointestinal functions, as we discuss later. 

Also shown in Figure 28-1 are sensory nerve end¬ 
ings that originate in the gastrointestinal epithelium or 
gut wall and then send afferent fibers to both plexuses 
of the enteric system and also to (1) the prevertebral 
ganglia of the sympathetic nervous system, (2) the spi¬ 
nal cord, and (3) some traveling in the parasympathetic 


nerves (the vagi, for instance) all the way to the brain 
stem. These sensory nerves elicit local reflexes within 
the gut itself and also reflexes that are relayed back to 
the gut from either the prevertebral ganglia or the cen¬ 
tral nervous system. 

AVTOiXOmC CONTROL OF THE 
GASTROINTESTINAL TRACT 

Parasympathetic Innervation. The parasympa¬ 
thetic supply to the gut is divided into cranial and sacral 
divisions, which are discussed in Chapter 22. Except for 
a few parasympathetic fibers to the mouth and pha¬ 
ryngeal regions of the alimentary tract, the cranial 
parasympathetics are transmitted almost entirely in 
the vagus nerves. These fibers provide extensive inner¬ 
vation to the esophagus, stomach, pancreas, and first 
half of the large intestine (but rather little innervation 
to the small intestine). The sacral parasympathetics 
originate in the second, third, and fourth sacral seg¬ 
ments of the spinal cord and pass through the pelvic 
nerves to the distal half of the large intestine. The sig¬ 
moidal, rectal, and anal regions of the large intestine 
are considerably better supplied with parasympathetic 
fibers than are the other portions. These fibers func¬ 
tion especially in the defecation reflexes, which are 
discussed later in the chapter. 

The postganglionic neurons of the parasympathetic 
system are located in the myenteric and submucosal 
plexuses, and stimulation of the parasympathetic 
nerves causes a general increase in activity of the entire 
enteric nervous system. This in turn enhances the ac¬ 
tivity of most gastrointestinal functions, but not all, for 
some of the enteric neurons are inhibitory and there¬ 
fore inhibit certain of the functions. 
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Fi^re 28-1. Neural control of the gut 
wall, showing (1) the myenteric and sub¬ 
mucosal plexuses; (2) extrinsic control of 
these plexuses by the sympathetic and 
paras^Tnpathetic nerv ous systems; and (3) 
sensory fibers passing from the luminal 
epithelium and gut wall to the enteric 
plexuses and from there to the preverte- 
bral ganglia, spinal cord, and brain stem. 
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Sympathetic Innervation. The sympathetic fibers 
to the gastrointestinal tract originate in the spinal cord 
between the segments T-5 and L-2. The preganglionic 
fibers, after leaving the cord, enter the sympathetic 
chains and pass through the chains to outlying ganglia, 
such as the celiac ganglion and various mesenteric gan¬ 
glia. Here, most of the postganglionic neuron bodies are 
located, and postganglionic fibers spread from them 
along with the blood vessels to all parts of the gut, 
terminating principally on neurons in the enteric ner¬ 
vous system. The sympathetics innervate essentially 
all portions of the gastrointestinal tract, rather than 
being more extensively supplied to the most orad and 
most analward portions, as is true of the parasympa- 
thetics. The sympathetic nerve endings secrete norepi¬ 
nephrine. 

In general, stimulation of the sympathetic nervous 
system inhibits activity in the gastrointestinal tract, 
causing effects essentially opposite to those of the 
parasympathetic system. It exerts its effects in two dif¬ 
ferent ways: (1) to a slight extent by direct effect of the 
norepinephrine on the smooth muscle to inhibit this 
(except the muscularis mucosa, which it excites), and 
(2) to a major extent by an inhibitory effect of the 
norepinephrine on the neurons of the enteric nervous 
system. Thus, strong stimulation of the sympathetic 
system can totally block movement of food through 
the gastrointestinal tract. 


THE GASTROIXTESTIXAL REFLEXES 

The anatomical arrangement of the enteric nervous 
system and its connections with the sympathetic and 
parasympathetic systems supports three different 
types of gastrointestinal reflexes that are essential to 
gastrointestinal control. These are the following; 


1. Reflexes that occur entirely within the enteric ner¬ 
vous system. These include reflexes that control gastro¬ 
intestinal secretion, peristalsis, mixing contractions, 
local inhibitory effects, and so forth. 

2. Reflexes from the gut to the prevertebral sympa¬ 
thetic ganglia and then back to the gastrointestinal tract. 
These reflexes transmit signals for long distances in the 
gastrointestinal tract, such as signals from the stomach 
to cause evacuation of the colon {the gastrocolic reflex), 
signals from the colon and small intestine to inhibit 
stomach motility and stomach secretion (the ejiterogas- 
tric reflexes), and reflexes from the colon to inhibit 
emptying of ileal contents into the colon (the colono- 
ileal reflex). 

3. Reflexes from the gut to the spinal cord or brain stem 
and then back to the gastrointestinal tract. These include 
especially (a) reflexes from the stomach and duode¬ 
num to the brain stem and back to the stomach to 
control gastric motor and secretory activity; (b) pain 
reflexes that cause general inhibition of the entire gas¬ 
trointestinal tract; and (c) defecation reflexes that 
travel to the spinal cord and back again to produce the 
powerful colonic, rectal, and abdominal contractions 
required for defecation (the defecation reflexes). 


■ FUi\CTIOi\AL TYPES OF 
MOVEMEiYTS Ii\ THE 
GASTROIi\TESTI\AL TRACT 

Two basic types of movements occur in the gastroin¬ 
testinal tract: (1) propulsive movements, which cause 
food to move forward along the tract at an appropriate 
rate for digestion and absorption; and (2) mixing move¬ 
ments, which keep the intestinal contents thoroughly 
mixed at all times. 
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THE PROPIJLSIIE ROVE.UEiXTS — 
PEiUSTALSIS 

The basic propulsive movement of the gastrointestinal 
tract is peristalsis, which is illustrated in Figure 28 - 2. A 
contractile ring appears around the gut and then 
moves forward; this is analogous to putting one's 
fingers around a thin distended tube, then constricting 
the fingers and sliding them forward along the tube. 
Obviously, any material in front of the contractile ring 
is moved forward. 

The usual stimulus for peristalsis is distention. That 
is, if a large amount of food collects at any point in the 
gut, the stretching of the gut wall stimulates the gut 2 
to 3 cm above this point, and a contractile ring appears 
that initiates a peristaltic movement. Other stimuli that 
can initiate peristalsis include irritation of the epithe¬ 
lium lining the gut and extrinsic nervous signals, par¬ 
ticularly parasympathetic, that excite the gut. 

Function of the Myenteric Plexus in Peristalsis. 
Peristalsis occurs only weakly, if at all, in any portion 
of the gastrointestinal tract that has congenital absence 
of the myenteric plexus. Therefore, effectual peristalsis 
requires an active myenteric plexus. 

Directional Movement of Peristaltic Waves 
Toward the Anus. Peristalsis, theoretically, can occur 
in either direction from a stimulated point, but it nor¬ 
mally dies out rapidly in the orad direction while con¬ 
tinuing for a considerable distance analward. The 
exact cause of this directional transmission of peristal¬ 
sis has never been ascertained, though it probably re¬ 
sults mainly from the fact that the myenteric plexus 
itself is "polarized" in the anal direction. 


THE mXTXG HOVEHEXTS 

The mixing movements are quite different in different 
parts of the alimentary tract. In some areas, the peri¬ 
staltic contractions themselves cause most of the mix¬ 
ing. This is especially true when forward progression 
of the intestinal contents is blocked by a sphincter, so 
that a peristaltic wave can then only chum the intes¬ 
tinal contents, rather than propelling them forward. At 
other times, local constrictive contractions occur every 
few centimeters in the gut wall. These constrictions 
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Figure 28 — 2. Peristalsis. 


usually last only a few seconds; then new constrictions 
occur at other points in the gut, thus "chopping" the 
contents first here and then there. These peristaltic and 
constrictive movements are modified in different parts 
of the gastrointestinal tract for proper propulsion and 
mixing. 


■ L\GESTIO\ OF FOOD 

The amount of food that a person ingests is determined 
principally by the intrinsic desire for food called 
hunger. The type of food that a person preferentially 
seeks is determined by appetite. These mechanisms in 
themselves are extremely important automatic regula¬ 
tory systems for maintaining an adequate nutritional 
supply for the body, and they are discussed later in the 
chapter in relation to nutrition of the body. 


HASTICATIOX (CHEWIXG) 

The teeth are admirably designed for chewing, the 
anterior teeth (incisors) providing a strong cutting ac¬ 
tion and the posterior teeth (molars) a grinding action. 
All the jaw muscles working together can close the 
teeth with a force as great as 55 lb on the incisors and 
200 lb on the molars. 

Most of the muscles of chewing are innervated by 
the motor branch of the fifth cranial nerve, and the 
chewing process is controlled by nuclei in the brain 
stem. Stimulation of the reticular formation near the 
brain stem centers for taste can cause continual rhyth¬ 
mic chewing movements. Also, stimulation of areas in 
the hypothalamus, amygdala, and even in the cerebral 
cortex near the sensory areas for taste and smell can 
cause chewing. 

Much of the chewfing process is caused by the chew¬ 
ing reflex, which may be explained as follows: The 
presence of a bolus of food in the mouth causes reflex 
inhibition of the muscles of mastication, which allows 
the lower jaw to drop. The drop in turn initiates a 
stretch reflex of the jaw muscles that leads to rebound 
contraction. This automatically raises the jaw to cause 
closure of the teeth, but it also compresses the bolus 
again against the linings of the mouth, which inhibits 
the jaw muscles once again, allowing the jaw to drop 
and rebound another time; and this is repeated again 
and again. 


SnALLOniXG (DEGLVTITIOX) 

Swallowing is a complicated mechanism, principally 
because the pharynx most of the time subserves sev¬ 
eral other functions besides swallowing and is con¬ 
verted for only a few seconds at a time into a tract for 
propulsion of food. It is especially important that respi¬ 
ration not be compromised because of swallowing. 

In general, swallowing can be divided into (1) the 
voluntary stage, w^hich initiates the swallowing pro- 
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cess, (2) the pharyngeal stage, which is involuntary and 
constitutes the passage of food through the pharynx 
into the esophagus, and (3) the esophageal stage, an¬ 
other involuntary phase that promotes passage of food 
from the pharynx to the stomach. 

Voluntary Stage of Swallowing. When the food is 
ready for swallowing, it is 'Voluntarily" squeezed or 
rolled posteriorly into the pharynx by pressure of the 
tongue upward and backward against the palate, as 
shown in Figure 28-3. From here on, the process of 
swallowing becomes entirely, or almost entirely, auto¬ 
matic and ordinarily cannot be stopped. 

Pharyngeal Stage of Swallowing. As the bolus of 
food enters the pharynx, it stimulates swallowing re¬ 
ceptor areas all around the opening of the pharynx, 
especially on the tonsillar pillars, and impulses from 
these pass to the brain stem to initiate a series of auto¬ 
matic pharyngeal muscular contractions as follows: 

1. The soft palate is pulled upward to close the pos¬ 
terior nares, in this way preventing reflux of food into 
the nasal cavities. 

2. The palatopharyngeal folds on either side of the 
pharynx are pulled medially to approximate each 
other. In this way these folds form a sagittal slit 
through which the food must pass into the posterior 
pharynx. This slit performs a selective action, allowing 
food that has been masticated properly to pass with 
ease while impeding the passage of large objects. Be¬ 
cause this stage of swallowing lasts less than 1 sec, any 
large object is usually impeded too much to pass 
through the pharynx into the esophagus. 

3. The vocal cords of the larynx are strongly ap¬ 
proximated, and the larynx is pulled upward and ante¬ 
riorly by the neck muscles. This action, combined with 
the presence of ligaments that prevent upward move¬ 



ment of the epiglottis, causes the epiglottis to swing 
backward over the opening of the larynx. Both effects 
prevent passage of food into the trachea. Especially 
important is the approximation of the vocal cords, but 
the epiglottis helps to prevent food from ever getting as 
far as the vocal cords. Destruction of the vocal cords or 
of the muscles that approximate them can cause stran¬ 
gulation. On the other hand, removal of the epiglottis 
usually does not cause serious debility in swallowing. 

4. The upward movement of the larynx also en¬ 
larges the opening of the esophagus. At the same time, 
the upper 3 to 4 cm of the esophageal muscular wall, 
an area called the upper esophageal sphincter or the 
pharyngoesophageal sphincter, relaxes, thus allowing 
food to move easily and freely from the posterior 
pharynx into the upper esophagus. This sphincter, be¬ 
tween swallows, remains strongly contracted, thereby 
preventing air from going into the esophagus during 
respiration. The upward movement of the larynx also 
lifts the glottis out of the main stream of food flow so 
that the food usually passes on either side of the epi¬ 
glottis rather than over its surface; this adds still an¬ 
other protection against entry of food into the trachea. 

5. At the same time that the larynx is raised and the 
pharyngoesophageal sphincter is relaxed, the entire 
muscular wall of the pharynx contracts, beginning in 
the superior part of the pharynx and spreading down¬ 
ward as a rapid peristaltic wave over the middle and 
inferior pharyngeal muscles and thence into the 
esophagus, which propels the food into the esophagus. 

To summarize the mechanics of the pharyngeal 
stage of swallowing: the trachea is closed, the esopha¬ 
gus is opened, and a fast peristaltic wave originating in 
the pharynx forces the bolus of food into the upper 
esophagus, the entire process occurring in 1 to 2 sec. 

Nervous Control of the Pharyngeal Stage of Swal¬ 
lowing. The most sensitive tactile areas of the pharynx 
for initiation of the pharyngeal stage of swallowing lie 
in a ring around the pharyngeal opening, with greatest 
sensitivity in the tonsillar pillars. Impulses are trans¬ 
mitted from these areas through the sensory portions 
of the trigeminal and glossopharyngeal nerves into a 
region of the medulla oblongata closely associated 
with the tractus solitarius, which receives essentially all 
sensory impulses from the mouth. 

The successive stages of the swallowing process are 
then automatically controlled in orderly sequence by 
neuronal areas distributed throughout the reticular 
substance of the medulla and lower portion of the 
pons. The sequence of the swallowing reflex is the 
same from one swallow to the next, and the timing of 
the entire cycle also remains constant from one swal¬ 
low to the next. The areas in the medulla and lower 
pons that control swallowing are collectively called the 
deglutition or swallowing center. 

The motor impulses from the swallowing center to 
the pharynx and upper esophagus that cause swallow¬ 
ing are transmitted by the fifth, ninth, tenth, and 
twelfth cranial nerves and even a few of the superior 
cervical nerves. 

In summary, the pharyngeal stage of swallowing is 
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principally a reflex act. It is almost never initiated by 
direct stimuli to the swallowing center from higher 
regions of the central nervous system. Instead, it is 
almost always initiated by voluntary movement of 
food into the back of the mouth, which, in turn, elicits 
the swallowing reflex. 

Esophageal Stage of Snallouing 

The esophagus functions primarily to conduct food 
from the pharynx to the stomach, and its movements 
are organized specifically for this function. 

Normally the esophagus exhibits two types of peri¬ 
staltic movements— primary peristalsis and secondary 
peristalsis. Primary peristalsis is simply a continuation 
of the peristaltic wave that begins in the pharynx and 
spreads into the esophagus during the pharyngeal 
stage of swallowing. This wave passes all the way from 
the pharynx to the stomach in approximately 8 to 10 
sec. However, food swallowed by a person who is in 
the upright position is usually transmitted to the lower 
end of the esophagus even more rapidly than the peri¬ 
staltic wave itself, in about 5 to 8 sec, because of the 
additional effect of gravity pulling the food down¬ 
ward. If the primary peristaltic wave fails to move all 
the food that has entered the esophagus into the stom¬ 
ach, secondary peristaltic waves result from distention 
of the esophagus by the retained food, and they con¬ 
tinue until all the food has emptied into the stomach. 
These secondary waves are initiated partly by intrinsic 
neural circuits in the esophageal enteric nervous sys¬ 
tem and partly by reflexes that are transmitted through 
vagal afferent fibers from the esophagus to the medulla 
and then back again to the esophagus through vagal 
efferent fibers. 


iXERl OVS COXTROL OF FOOD 
ROVER EXT THROUGH THE 
STO.RACH, S.ffALL IXTESTIXE, 

AXD COLOX 

Movement of food through the stomach, small intes¬ 
tine, and colon is caused by various forms of peristaltic 
propulsive movements. Most of these movements are 
controlled by the enteric nervous system of the gastro¬ 
intestinal wall. That is, when a segment of bowel be¬ 
comes overfilled, the stretch of the nerve endings 
elicits a local peristaltic reflex, as explained earlier in 
the chapter, causing propulsion of the food forward. 

In general, parasympathetic stimulation by way of 
the vagi and sacral nerves increases the rate of peristal¬ 
sis, and sympathetic stimulation inhibits it. 

Intrinsic GI Reflexes That Inhibit Rate of Food 
Movement. At several points in the gastrointestinal 
tract special reflex mechanisms prevent too rapid 
movement of food along the gastrointestinal tract. For 
instance, when the stomach empties too much food 
into the upper portions of the small intestine, stretch of 
the intestinal walls transmits signals backwards along 
the myenteric plexus to the stomach to inhibit its peri¬ 


staltic movements. This obviously allows the small in¬ 
testine to receive food at a rate slow enough for it to 
process the food appropriately. Another reflex occurs 
from the colon to the lower end of the small intestine; 
when the colon becoms overfilled, myenteric reflex 
signals inhibit peristalsis in the small intestine and 
thereby prevent movement of the intestinal contents 
into the colon at a rate more rapid than these can be 
processed. 


DEFECATIOX 

Most of the time, the rectum is empty of feces. This 
results partly from the fact that a weak functional 
sphincter exists approximately 20 cm from the anus at 
the juncture between the sigmoid and the rectum. 
There is also a sharp angulation here that contributes 
additional resistance to filling of the rectum. However, 
when a mass movement forces feces into the rectum, 
the desire for defecation is normally initiated, includ¬ 
ing reflex contraction of the rectum and relaxation of 
the anal sphincters. 

Continual dribble of fecal matter through the anus is 
prevented by tonic constriction of (1) the internal anal 
sphincter, a thickening of the intestinal circular smooth 
muscle that lies immediately inside the anus, and (2) 
the external anal sphincter, composed of striated volun¬ 
tary muscle that both surrounds the internal sphincter 
and also extends distal to it; the external sphincter is 
controlled by nerve fibers in the pudendal nerve, 
which is part of the somatic nervous system and there¬ 
fore is under voluntary, conscious control. 

The Defecation Reflexes. Ordinarily, defecation is 
initiated by defecation reflexes. One of these reflexes is 
an intrinsic reflex mediated by the local enteric nervous 
system. This can be described as follows: When the 
feces enter the rectum, distention of the rectal wall 
initiates afferent signals that spread through the myen¬ 
teric plexus to initiate peristaltic waves in the descend¬ 
ing colon, sigmoid, and rectum, forcing feces toward 
the anus. As the peristaltic wave approaches the anus, 
the internal anal sphincter is relaxed by inhibitory sig¬ 
nals from the myenteric plexus; and if the external anal 
sphincter is voluntarily relaxed at the same time, defe¬ 
cation will occur. 

However, the intrinsic defecation reflex itself is 
weak; and to be effective in causing defecation it usu¬ 
ally must be fortified by another type of defecation 
reflex, a parasympathetic defecation reflex that involves 
the sacral segments of the spinal cord, as illustrated in 
Figure 28-4. When the nerve endings in the rectum 
are stimulated, signals are transmitted into the spinal 
cord and thence, reflexly, back to the descending 
colon, sigmoid, rectum, and anus by way of parasym¬ 
pathetic nerve fibers in the pelvic nerves. These para¬ 
sympathetic signals greatly intensify the peristaltic 
waves as well as relaxing the internal anal sphincter 
and thus convert the intrinsic defecation reflex from an 
ineffectual weak movement into a powerful process of 
defecation that is sometimes effective in emptying the 
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Figure 2S — 4. The afferent and efferent pathways of the para¬ 
sympathetic mechanism for enhancing the defecation reflex. 


large bowel in one movement all the way from the 
splenic flexure of the colon to the anus. Also, the affer¬ 
ent signals entering the spinal cord initiate other ef¬ 
fects, such as taking a deep breath, closure of the 
glottis, contraction of the abdominal wall muscles to 
force the fecal contents of the colon downward, and at 
the same time cause the pelvic floor to extend down¬ 
ward and pull outward on the anal ring to evaginate 
the feces. 

However, despite the defecation reflexes, other ef¬ 
fects are also necessary before actual defecation 
occurs. In the toilet-trained human being, relaxation of 
the internal sphincter and forward movement of feces 
toward the anus normally initiate an instantaneous 
contraction of the external sphincter, which still tem¬ 
porarily prevents defecation. Except in babies and 
mentally inept persons, the conscious mind then takes 
over voluntary control of the external sphincter and 
either relaxes it to allow defecation to occur or further 
contracts it if the moment is not socially acceptable for 
defecation. If the external sphincter is kept contracted, 
the defecation reflexes die out after a few minutes, and 
they remain quiescent for several hours or until addi¬ 
tional amounts of feces enter the rectum. 

When it becomes convenient for the person to defe¬ 
cate, the defecation reflexes can sometimes be excited 
by taking a deep breath to move the diaphragm down¬ 
ward and then contracting the abdominal muscles to 
increase the pressure in the abdomen, thus forcing 
fecal contents into the rectum to elicit new reflexes. 
Unfortunately, reflexes initiated in this way are almost 
never as effective as those that arise naturally, for 
which reason people who too often inhibit their natu¬ 
ral reflexes are likely to become severely constipated. 

In the newborn baby and in some persons with tran¬ 
sected spinal cords, the defecation reflexes cause auto¬ 
matic emptying of the lower bowel without the normal 
control exercised through contraction of the external 
anal sphincter. 


■ IVERVOUS CONTROL OF 
GASTROINTESTINAL 
SECRETION 

The nervous system of the gastrointestinal tract not 
only controls peristaltic movement of food but also 
controls secretion by many of the gastrointestinal 
glands, especially salivary secretion in the mouth, gas¬ 
tric juice secretion in the stomach, and mucus secretion 
in the distal colon and in the sigmoid. 

Nervous Regulation of Salivary Secretion. Figure 
28-5 illustrates the parasympathetic nervous path¬ 
ways for regulation of salivation, showing that the 
salivary glands are controlled mainly by parasympa¬ 
thetic nervous signals from the salivatory nuclei. The 
salivatory nuclei are located approximately at the 
juncture of the medulla and pons and are excited by 
both taste and tactile stimuli from the tongue and other 
areas of the mouth. Many taste stimuli, especially the 
sour taste, elicit copious secretion of saliva — often as 
much as 5 to 8 ml/min, or 8 to 20 times the basal rate of 
secretion. Also, certain tactile stimuli, such as the pres¬ 
ence of smooth objects in the mouth (a pebble, for 
instance), cause marked salivation; whereas rough ob¬ 
jects cause less salivation and occasionally even inhibit 
salivation. 

Salivation can also be stimulated or inhibited by im¬ 
pulses arriving in the salivatory nuclei from higher 
centers of the central nervous system. For instance, 
when a person smells or eats favorite foods, salivation 
is greater than when disliked food is smelled or eaten. 
The appetite area of the brain, which partially regulates 
these effects, is located in close proximity to the para¬ 
sympathetic centers of the anterior hypothalamus, and 
it functions to a great extent in response to signals from 



Fi^ire 28-5. Parasympathetic nervous regulation of salivary 
secr(?tion. 
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the taste and smell areas of the cerebral cortex or 
amygdala. 

Salivation also occurs in response to reflexes origi¬ 
nating in the stomach and upper intestines — 
particularly when very irritating foods are swallowed 
or when a person is nauseated because of some gastro¬ 
intestinal abnormality. 


REGVIuATiOiX OF GASTRIC SECRETIOX 
BY \ERl OVS Ai\D HORMOXAL 
IIECHAXISIIS 

Basic Factors That Stimulate Gastric 
Secretion: AceMcholine^ Gastrin^ and 
Histamine 

The basic neurotransmitters or hormones that directly 
stimulate secretion by the gastric glands are acetylcho¬ 
line, gastrin, and histamine. All of these function by 
binding first with receptors on the secretory cells. Then 
the receptors activate the secretory processes. Acetyl¬ 
choline excites secretion by all of the secretory cell 
types in the gastric glands, including secretion of pep¬ 
sinogen by the peptic cells, hydrochloric acid by the pari¬ 
etal cells, mucus by the mucus cells, and gastrin by the 
gastrin cells. On the other hand, both gastrin and hista¬ 
mine stimulate very strongly the secretion of acid by the 
parietal cells but have much less effect in stimulating 
the other cells. 


Stimulation of Acid Secretion 

Nervous Stimulation. About half of the nerve sig¬ 
nals to the stomach that cause gastric secretion origi¬ 
nate in the dorsal motor nuclei of the vagi and pass via 
the vagus nerves first to the enteric nervous system of the 
stomach wall and then to the gastric glands. The other 
half of the secretor\^ signals are generated by local re¬ 
flexes that occur entirely within the enteric nervous 
system itself. All the secretory nerves release acetyl¬ 
choline as the neurotransmitter at their endings on the 
glandular cells, with one exception: for those signals 
that go to the gastrin-secreting cells in the pyloric 
glands, an intermediate neuron serves as the final path 
and secretes gastrin-releasing peptide (GRP) as the neu¬ 
rotransmitter. 

Nerve stimulation of gastric secretion can be initi¬ 
ated by signals that originate either in the brain, espe¬ 
cially in the limbic system, or in the stomach itself. And 
the stomach-initiated signals can activate two different 
types of reflexes: (1) long reflexes that are transmitted 
from the stomach mucosa all the way to the brain stem 
and then back to the stomach through the vagus 
nerves and (2) short reflexes that originate locally and 
are transmitted entirely through the local enteric ner¬ 
vous system. 

The types of stimuli that can initiate the reflexes are 
(1) distention of the stomach, (2) tactile stimuli on the 
surface of the stomach mucosa, and (3) chemical stim¬ 
uli, including especially amino acids and peptides de¬ 


rived from protein foods or acid that has already been 
secreted by the gastric glands. 

Stimulation of Acid Secretion by Gastrin. Both the 
nerve signals from the vagus nerves and those from 
the local enteric reflexes, aside from causing direct 
stimulation of glandular secretion of stomach juices, 
also cause the mucosa in the stomach antrum to secrete 
the hormone gastrin. This hormone is secreted by the 
gastrin cells, also called G cells, in the pyloric glands. 

Gastrin is absorbed into the blood and carried to the 
oxyntic glands in the body of the stomach; there it stim¬ 
ulates the parietal cells very strongly and perhaps the 
peptic cells as well, but to a lesser extent. Thus, the 
really important effect is to increase the rate of hydro¬ 
chloric acid secretion, often as much as eight times. In 
turn, the hydrochloric acid excites still additional en¬ 
teric reflex activity that not only further increases hy¬ 
drochloric acid secretion but also stimulates secondar¬ 
ily the secretion of enzymes by the peptic cells to 
increase as much as two to four times. 

Role of Histamine in Controlling Gastric Secre¬ 
tion. Histamine, an amino acid derivative, also stimu¬ 
lates acid secretion by the parietal cells. A small amount 
of histamine is formed continually in the gastric mu¬ 
cosa, either in response to acid in the stomach or for 
other reasons. This amount, acting by itself, causes 
very little acid secretion. However, whenever acetyl¬ 
choline or gastrin stimulates the parietal cells at the 
same time, then even the small normal amounts of 
histamine greatly enhance acid secretion. 

The Three Phases of Gastric Secretion 

Gastric secretion is said to occur in three separate phases (as 
illustrated in Fig. 28-6): a cephalic phase, agastric phase, and 
an intestinal phase. However, as wdll be apparent in the fol¬ 
lowing discussion, these three phases in reality fuse together. 

The Cephalic Phase. The cephalic phase of gastric secre¬ 
tion occurs even before food enters the stomach or while it is 
being eaten. It results from the sight, smell, thought, or taste 
of food; and the greater the appetite, the more intense is the 
stimulation. Neurogenic signals causing the cephalic phase 
of secretion can originate in the cerebral cortex or in the 
appetite centers of the amygdala or hypothalamus. They are 
transmitted through the dorsal motor nuclei of the vagi to the 
stomach. This phase of secretion normally accounts for less 
than one fifth of the gastric secretion associated with eating a 
meal. 

The Gastric Phase. Once the food enters the stomach, it 
excites the long vagovagal reflexes, the local enteric reflexes, 
and the gastrin mechanism, which in turn cause secretion of 
gastric juice that continues throughout the several hours that 
the food remains in the stomach. 

The gastric phase of secretion accounts for at least two 
thirds of the total gastric secretion associated with eating a 
meal and, therefore, accounts for most of the total daily gas¬ 
tric secretion of about 1500 mL. 

The Intestinal Phase. The presence of food in the upper 
portion of the small intestine, particularly in the duodenum, 
can cause the stomach to secrete small amounts of gastric 
juice, probably partly because of the small amounts of gas¬ 
trin that are also released by the duodenal mucosa in re¬ 
sponse to distention or chemical stimuli of the same type as 
those that stimulate the stomach gastrin mechanism. In ad- 
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Figure 28 — 6. The phases of gastric secretion and 
their regulation. 

dirion, amino acids absorbed into the blood, as well as sev¬ 
eral other hormones or reflexes, play minor roles in causing 
secretion of gastric juice. 

However, several intestinal factors can also inhibit gastric 
secretion, and these often completely override the excitatory 
factors. 


JVERVOl/S COJVTROL OF SECRETWIV 
/)V THE SMtALL AIMD LARGE IIVTESTIDIES 

The intestinal mucosa contains several million minute 
tubular glands each a millimeter or so in length. In 
addition, mucous cells line the entire inner surface of 
the intestinal tract from the small intestine to the anus 
and secrete intestinal mucus. Both the tubular glands 
and the mucous cells are controlled almost entirely by 
local control mechanisms within the gastrointestinal 
tract itself and only to a very slight extent by the para¬ 
sympathetic and sympathetic nerves. 

The mucous cells respond mainly to direct contact 
with the intestinal contents; the mucus that they se¬ 
crete serves as a lubricant for movement of the intes¬ 
tinal matter along the intestinal tube. The tubular 
glands, on the other hand, secrete large amounts of 
electrolytic solution that provides a vehicle for moving 
food along the intestinal tract. Also, this fluid serves as 
a transport medium for absorbing the digestive prod¬ 
ucts from the food. The tubular glands are controlled 
by both hormonal and nervous stimuli. The hormonal 
stimuli are similar to the stimulation of the gastric mu¬ 
cosa by gastrin, though the hormones responsible are 
relatively uncharted. The nervous stimuli control in¬ 
testinal secretion through local enteric nervous re¬ 
flexes. As the food passes through the intestines, either 
contact with the epithelial surfaces or the action of 
chemical substances from the foods elicits local nerve 
signals that excite the submucosal and myenteric plex¬ 
uses, and these in turn stimulate the tubular glands. 
This enteric reflex mechanism is probably responsible 
for most of the intestinal secretion. 


■ REGULATIOIV OF FOOD 
IIVTAKE 

Hunger. The term ''hunger'' means a craving for 
food, and it is associated with a number of objective 
sensations. For instance, in a person who has not had 
food for many hours, the stomach undergoes intense 
rhythmic contractions called hunger contractions. 
These cause a tight or gnawing feeling in the pit of the 
stomach and sometimes actually cause pain called 
hunger pangs. However, even after the stomach is com¬ 
pletely removed, the psychic sensations of hunger still 
occur, and craving for food still makes the person 
search for an adequate food supply. 

Appetite. The term "appetite" is often used in the 
same sense as hunger except that it usually implies 
desire for specific types of food instead of food in gen¬ 
eral. Therefore, appetite helps a person choose the 
quality of food to eat. 

Satiety. Satiety is the opposite of hunger. It means a 
feeling of fulfillment in the quest for food. Satiety usu¬ 
ally results from a filling meal, particularly when the 
person's nutritional storage depots, the adipose tissue 
and glycogen stores, are already filled. 


iXEVRAL CEATERS FOR REGVLATiOi\ 

OF FOOD LXTAKE 

Hunger and Satiety Centers. Stimulation of the lat¬ 
eral hypothalamus causes an animal to eat voraciously, 
which is called hyperphagia. On the other hand, stimu¬ 
lation of the ventromedial nuclei of the hypothalamus 
causes complete satiety; and even in the presence of 
highly appetizing food, the animal will still refuse to 
eat, which is aphagia. Conversely, destructive lesions 
of the two areas cause results exactly opposite to those 
caused by stimulation. That is, ventromedial lesions 
cause voracious and continued eating until the animal 
becomes extremely obese, sometimes as large as four 
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times normal size. And lesions of the lateral nuclei on 
the two sides of the hypothalamus cause complete lack 
of desire for food and progressive inanition of the ani¬ 
mal. Therefore, we can label the lateral nuclei of the 
hypothalamus as a hunger center or feeding center, and 
we can label the ventromedial nuclei of the hypothala¬ 
mus as a satiety center. 

The feeding center operates by directly exciting the 
emotional drive to search for food (while also stimulat¬ 
ing other emotional drives as well). On the other hand, 
it is believed that the satiety center operates primarily 
by inhibiting the feeding center. 

Other Neural Centers That Enter Into Feeding. If 
the brain is sectioned below the hypothalamus but 
above the mesencephalon, the animal can still perform 
the basic mechanical features of the feeding process. It 
can salivate, lick its lips, chew food, and swallow. 
Therefore, the actual mechanics of feeding are controlled 
by centers in the brain stem. The function of the hypo¬ 
thalamus in feeding, then, is to control the quantity of 
food intake and to excite the lower centers to activity. 

Higher centers than the hypothalamus also play im¬ 
portant roles in the control of feeding, particularly in 
the control of appetite. These centers include espe¬ 
cially the amygdala and the prefrontal cortex, which are 
closely coupled with the hypothalamus. It will be re¬ 
called from the discussion of the sense of smell that 
portions of the amygdala are a major part of the olfac¬ 
tory nervous system. Destructive lesions in the amyg¬ 
dala have demonstrated that some of its areas greatly 
increase feeding, whereas others inhibit feeding. In 
addition, stimulation of some areas of the amygdala 
elicits the mechanical act of feeding. However, the 
most important effect of destruction of the amygdala 
on both sides of the brain is a ''psychic blindness" in 
the choice of foods. In other words, the animal (and 
presumably the human being as well) loses or at least 
partially loses the mechanism of appetite control of the 
type and quality of food that it eats. 


FACTORS THAT REGULATE FOOD 
lATARE 

VVe can divide the regulation of food into (1) nutritional 
regulation (or long-term regulation), which is concerned 
primarily with long-term maintenance of normal 
quantities of nutrient stores in the body, and (2) ali¬ 
mentary regulation (or short-term regulation), which is 
concerned primarily with preventing overeating at the 
time of each meal. 


Xutritional Regulation (Long-Term 
Regulation) 

An animal that has been starved for a long time and is 
then presented with unlimited food eats a far greater 
quantity than does an animal that has been on a regu¬ 
lar diet. Conversely, an animal that has been force-fed 
for several weeks eats little when allowed to eat ac¬ 
cording to its own desires. Thus, the feeding control 


mechanism of the body is geared to the nutritional 
status of the body. Some of the nutritional factors that 
control the degree of activity of the feeding center are 
the following: 

Effect of Blood Concentrations of Glucose, Amino 
Acids, and Lipids on Hunger and Feeding — The 
Glucostatic, Aminostatic, and Lipostatic Theories. It 
has long been known that a decrease in blood glucose 
concentration causes hunger, which has led to the so- 
called glucostatic theory of hunger and feeding regulation. 
Similar studies have more recently demonstrated the 
same effect for blood amino acid concentration and 
blood concentration of breakdown products of lipids 
such as the keto acids and some fatty acids, leading to 
the aminostatic and lipostatic theories of regulation. 
That is, when the availability of any of the three major 
types of food decreases, the animal automatically in¬ 
creases its feeding, which eventually returns the blood 
metabolite concentrations back toward normal. 

Neurophysiological studies of function in the hypo¬ 
thalamus have also substantiated the glucostatic, 
aminostatic, and lipostatic theories by the following 
observations: (1) An increase in blood glucose level 
increases the rate of firing of glucoreceptor neurons in 
the satiety center in the ventromedial nucleus of the hypo¬ 
thalamus. (2) The same increase in blood glucose level 
simultaneously decreases the firing of neurons called 
glucosensitive neurons in the hunger center of the lateral 
hypothalamus. In addition, some amino acids and lipid 
substances also affect the rates of firing of these same 
neurons. 

Still other neurons, found in the dorsomedial nuclei of 
the hypothalamus, respond to the rate of utilization of 
all the foodstuffs that provide energy for the cells. This 
has led to a more global theory of hunger and feeding 
regulation based on power generation within these 
cells. 

Summary of Long-Term Regulation. Even though 
our information on the different feedback factors in 
long-term feeding regulation is imprecise, we can 
make the following general statement: When the nu¬ 
trient stores of the body fall below normal, the feeding 
center of the hypothalamus becomes highly active, 
and the person exhibits increased hunger; on the other 
hand, when the nutrient stores are abundant, the per¬ 
son loses the hunger and develops a state of satiety. 


Alimentary Regulation of Feeding 
(Short-Term Regulation) 

When a person is driven by hunger to eat, what turns 
off the eating when he or she has eaten enough? It is 
not the nutritional feedback mechanisms that we have 
discussed above, because all of them take an hour to 
several hours before enough quantities of the nutri¬ 
tional factors are absorbed into the blood to cause the 
necessary inhibition of eating. Yet it is very important 
that the person not overeat and even that he eat an 
amount of food that approximates his nutritional 
needs. The following are several different types of sig¬ 
nals that are important for this purpose: 
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Gastrointestinal Filling. When the gastrointestinal 
tract becomes distended, especially the stomach and 
the duodenum, inhibitory signals are transmitted 
mainly by way of the vagi to suppress the feeding 
center, thereby reducing the desire for food. 

Humoral and Hormonal Factors That Suppress 
Feeding —Cholecystokinin, Glucagon, and Insulin. 
The gastrointestinal hormone cholecystokinin, released 
mainly in response to fat entering the duodenum, has a 
strong direct effect on the feeding center to reduce 
further eating. In addition, for reasons that are not 
entirely understood, the presence of food in the stom¬ 
ach and duodenum causes the pancreas to secrete sig¬ 
nificant quantities of both glucagon and insulin, both of 
which also suppress the hypothalamic feeding center. 

Metering of Food by Oral Receptors. When a per¬ 
son with an esophageal fistula is fed large quantities of 
food, even though this food is immediately lost again 
to the exterior, the degree of hunger is decreased after a 
reasonable quantity of food has passed through the 
mouth. This effect occurs despite the fact that the gas¬ 
trointestinal tract does not become the least bit filled. 
Therefore, it is postulated that various '"oral factors" 
relating to feeding, such as chewing, salivation, swal¬ 
lowing, and tasting, "meter" the food as it passes 
through the mouth, and after a certain amount has 
passed, the hypothalamic feeding center becomes in¬ 
hibited. However, the inhibition caused by this meter¬ 
ing mechanism is considerably less intense and less 
lasting, usually lasting only 20 to 40 min, than is the 
inhibition caused by gastrointestinal filling. 


importance of Having Both Long- and 
Short-Term Regulatory Systems for 
Feeding 

The long-term regulatory system for feeding, which 
includes all the metabolite feedback mechanisms, ob¬ 
viously helps to maintain constant stores of nutrients 
in the tissues, preventing these from becoming too low 
or becoming too high. The short-term regulatory stim¬ 
uli, on the other hand, serve two other purposes. First, 
they make the person or animal eat smaller quantities 
at a time, thus allowing food to pass through the gas¬ 
trointestinal tract at a steadier pace so that its digestive 
and absorptive mechanisms can work at more optimal 
rates rather than becoming excessively overburdened 
only when the animal needs food. Second, they pre¬ 
vent the person or animal from eating amounts of food 
at each meal that would be too much for the metabolic 
storage systems once the food has all been absorbed. 


■ OBESITV 

Energy Input Versus Energy Output. When greater 
quantities of energy (in the form of food) enter the body than 
are expended, the body weight increases. Therefore, obesity 
is obviously caused by excess energy input over energy out¬ 
put. For each 9.3 Cal excess energy entering the body, 1 g fat 
is stored. 


Excess energy input occurs only during the developing phase 
of obesity. Once a person has become obese, all that is re¬ 
quired to remain obese is that the energy input equal the 
energy output. For the person to reduce in weight, the input 
must be less than the output. Indeed, studies of obese per¬ 
sons have shown that the intake of food of most of them in 
the static stage of obesity (after the obesity has already been 
attained) is approximately the same as that for normal per¬ 
sons. 

Effect of Muscular Activity on Energy Output. About 
one third of the energy used each day by the normal person 
goes into muscular activity, and in the laborer as much as two 
thirds or occasionally three fourths is used in this way. Be¬ 
cause muscular activity is by far the most important means 
by which energy is expended in the body, it is frequently said 
that obesity in the otherwise normal person results from too 
high a ratio of food intake to daily exercise. 


ABXOmiAL FEEDIDIG REGVLATIOIM AS A 
PATHOLOGICAL CAUSE OF OBESITY 

We have already emphasized that the rate of feeding is nor¬ 
mally regulated in proportion to the nutrient stores in the 
body. When these stores begin to approach an optimal level 
in a normal person, feeding is automatically reduced to pre¬ 
vent overstorage. However, in many obese persons this is 
not true, for feeding does not slacken until body weight is far 
above normal. Therefore, in effect, obesity is often caused by 
an abnormality of the feeding regulatory mechanism. This 
can result from either psychogenic factors that affect the 
regulation or actual abnormalities of the hypothalamus it¬ 
self. 

Psychogenic Obesity. Studies of obese patients show that 
a large proportion of obesity results from psychogenic fac¬ 
tors. Perhaps the most common psychogenic factor contrib¬ 
uting to obesity is the prevalent idea that healthy eating 
habits require three meals a day and that each meal must be 
filling. Many young children are forced into this habit by 
overly solicitous parents, and the children continue to prac¬ 
tice it throughout life. In addition, persons are known often 
to gain large amounts of weight during or after stressful 
situations, such as the death of a parent, a severe illness, or 
even mental depression. It seems that eating is often a means 
of release from tension 

Hypothalamic Abnormalities as a Cause of Obesity. In 
the preceding discussion of feeding regulation, it was 
pointed out that lesions in the ventromedial nuclei of the 
hypothalamus cause an animal to eat excessively and be¬ 
come obese. It has also been discovered that such lesions 
cause excess insulin production, which in turn increases fat 
deposition. In addition, many persons with hypophysial 
tumors that encroach on the hypothalamus develop progres¬ 
sive obesity, illustrating that obesity in the human being, too, 
can definitely result from damage to the hypothalamus. 

Yet in the normal obese person hypothalamic damage is 
almost never found. Nevertheless, it is possible that the 
functional organization of the feeding center is different in 
the obese person from that of the nonobese person. For in¬ 
stance, a normally obese person who has reduced to normal 
weight by strict dietary measures usually develops intense 
hunger that is demonstrably far greater than that of the nor¬ 
mal person. This indicates that the “set-point" of the obese 
person's feeding center is at a much higher level of nutrient 
storage than that of the normal person. 

Genetic Factors in Obesity. Obesity definitely runs in 
families. Furthermore, identical twins usually maintain 
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weight levels within 2 lb of each other throughout life if they 
live under similar conditions, or within 5 lb of each other if 
their conditions of life differ markedly. This might result 
partly from eating habits engendered during childhood, but 
it is generally believed that this close similarity between 
twins is genetically controlled. 

The genes can direct the degree of feeding in several dif¬ 
ferent ways, including (1) a genetic abnormality of the feed¬ 
ing center to set the level of nutrient storage high or low and 
(2) abnormal hereditary psychic factors that either whet the 
appetite or cause the person to eat as a “release" mechanism. 

Genetic abnormalities in the chemistry of fat storage are also 
known to cause obesity in certain strains of rats and mice. In 
one strain of rats, fat is easily stored in the adipose tissue, but 
the quantity of hormone-sensitive lipase in the adipose tis¬ 
sue is greatly reduced, so that little of the fat can be removed. 
This obviously results in a one-way path, the fat continually 
being deposited but never being released. In a strain of obese 
mice that has been studied, there is an excess of fatty acid 
synthetase, which causes excess synthesis of fatty acids. 
Therefore, similar genetic mechanisms are possible causes of 
obesity in human beings. 

■ MICTURITIOIV 

Micturition is the process by which the urinary bladder 
empties when it becomes filled. Basically the bladder 
(1) progressively fills until the tension in its walls rises 
above a threshold value, at which time (2) a nervous 
reflex called the "'micturition reflex" occurs that either 
causes micturition or, if it fails in this, at least causes a 
conscious desire to urinate. 

PHYSIOLOGIC A\ATOHY AJXD 
lYERVOVS CO^i\ECTIO\S OF THE 
BLADDER 

The urinary bladder, illustrated in Figure 28-7, is a 
smooth muscle chamber composed of two principal 


parts: (1) the body, which is the major part of the blad¬ 
der, in which the urine collects, and (2) the neck, which 
is a funnel-shaped extension of the body, passing infe- 
riorly and anteriorly into the urogenital triangle and 
connecting with the urethra. The lower part of the 
bladder neck is also called the posterior urethra because 
of its relationship to the urethra. 

The smooth muscle of the bladder is known as the 
detrusor muscle. Its muscle fibers extend in all direc¬ 
tions and, when contracted, can increase the pressure 
in the bladder sometimes to as high as 40 to 60 mm Hg. 
Thus, it is the detrusor muscle that empties the blad¬ 
der. The smooth muscle cells of the detrusor muscle 
fuse with each other so that low resistance electrical 
pathways exist from one to the other. Therefore, an 
action potential can spread throughout the detrusor 
muscle to cause contraction of the entire bladder at 
once. 

On the posterior wall of the bladder, lying immedi¬ 
ately above the bladder neck, is a small triangular area 
called the trigone. At the lowermost apex of the trigone 
is the opening of the bladder through the bladder neck 
into the posterior urethra, and the two ureters enter the 
bladder at the uppermost angles of the trigone. The 
trigone can be identified by the fact that its mucosa is 
very smooth, in contrast to the remainder of the blad¬ 
der mucosa, which is folded to form rugae. Where each 
ureter enters the bladder, it courses obliquely through 
the detrusor muscle and then passes still another 1 to 
2 cm underneath the bladder mucosa before emptying 
into the bladder. 

The bladder neck (posterior urethra) is 2 to 3 cm 
long, and its wall is composed of detrusor muscle in¬ 
terlaced among a large amount of elastic tissue. The 
muscle in this area is frequently called the internal 
sphincter. Its natural tone normally keeps the bladder 
neck and posterior urethra empty of urine, and there¬ 
fore prevents emptying of the bladder until the pres- 
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Figure 28 — 7. The urinary bladder 
and its innervation. 
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sure in the body of the bladder rises above a critical 
threshold. 

Beyond the posterior urethra, the urethra passes 
through the urogenital diaphragm, which contains a 
layer of muscle called the external sphincter of the 
bladder. This muscle is a voluntary skeletal muscle in 
contrast to the muscle of the bladder body and bladder 
neck, which is entirely smooth muscle. This external 
muscle is under voluntary control of the nervous sys¬ 
tem and can be used to prevent urination even when 
the involuntary controls are attempting to empty the 
bladder. 

Innervation of the Bladder. The principal nerve 
supply to the bladder is by way of the pelvic nerves, 
which connect with the spinal cord through the sacral 
plexus, mainly connecting with cord segments S-2 and 
5-3. Coursing through the pelvic nerves are both sen¬ 
sory nerve fibers and motor fibers. The sensory fibers 
mainly detect the degree of stretch of the bladder wall. 
Stretch signals from the posterior urethra are espe¬ 
cially strong and are mainly responsible for initiating 
the reflexes that cause bladder emptying. 

The motor nerve fibers transmitted in the pelvic 
nerves are parasympathetic fibers. These terminate on 
ganglion cells located in the wall of the bladder. Short 
postganglionic nerves then innervate the detrusor 
muscle. 

Aside from the pelvic nerves, two other types of 
innervation are important to bladder function. Most 
important are the skeletal motor fibers transmitted 
through the pudendal nerve to the external bladder 
sphincter. These are somatic nerve fibers that innervate 
and control the voluntary skeletal muscle of this 
sphincter. In addition, the bladder receives sympa¬ 
thetic innervation from the sympathetic chain through 
the hypogastric nerves, connecting mainly with the 
L-2 segment of the spinal cord. These sympathetic 
fibers probably stimulate mainly the blood vessels and 
have very little to do with bladder contraction. Some 
sensory nerve fibers also pass by way of the sympa¬ 
thetic nerves and may be important for the sensation of 
fullness and pain in some instances. 

THE HICTVRITIOX REFLEX 

As the bladder fills, many micturition contractions 
begin to appear. These are the result of a stretch reflex 
initiated by sensory stretch receptors in the bladder 
wall, especially by the receptors in the posterior ure¬ 
thra when it begins to fill with urine at the higher 
bladder pressures. Sensory signals are conducted to the 
sacral segments of the cord through the pelvic nerves 
and then back again to the bladder through the para¬ 
sympathetic fibers in these same nerves. 

Once a micturition reflex begins, it is "self-regenera¬ 
tive," That is, initial contraction of the bladder further 
activates the receptors to cause still further increase in 
sensory impulses from the bladder and posterior ure¬ 
thra, which causes further increase in reflex contrac¬ 
tion of the bladder, the cycle thus repeating itself again 


and again until the bladder has reached a strong degree 
of contraction. Then, after a few seconds to more than 
a minute, the reflex begins to fatigue, and the regenera¬ 
tive cycle of the micturition reflex ceases, allowing 
rapid reduction in bladder contraction. In other words, 
the micturition reflex is a single complete cycle of (1) 
progressive and rapid increase in pressure, (2) a period 
of sustained pressure, and (3) return of the pressure to 
the basal tonic pressure of the bladder. Once a micturi¬ 
tion reflex has occurred but has not succeeded in emp¬ 
tying the bladder, the nervous elements of this reflex 
usually remain in an inhibited state for at least a few 
minutes to sometimes as long as an hour or more be¬ 
fore another micturition reflex occurs. However, as the 
bladder becomes more and more filled, micturition re¬ 
flexes occur more and more often and more and more 
powerfully. 

Once the micturition reflex becomes powerful 
enough, this causes still another reflex, which passes 
through the pudendal nerves to the external sphincter to 
inhibit it. If this inhibition is more potent than the 
voluntary constrictor signals to the external sphincter 
from the brain, urination will occur. If not, urination 
will not occur until the bladder fills still more and the 
micturition reflex becomes more powerful. 

Control of Micturition by the Brain. The micturi¬ 
tion reflex is a completely automatic cord reflex, but it 
can be inhibited or facilitated by centers in the brain. 
These include (1) strong facilitatory and inhibitory 
centers in the brain stem, probably located in the pons, 
and (2) several centers located in the cerebral cortex that 
are mainly inhibitory but can at times become excit¬ 
atory. 

The micturition reflex is the basic cause of micturi¬ 
tion, but the higher centers normally exert final control 
of micturition by the following means: 

1. The higher centers keep the micturition reflex 
partially inhibited all the time except when micturition 
is desired. 

2. The higher centers prevent micturition, even if a 
micturition reflex occurs, by continual tonic contrac¬ 
tion of the external bladder sphincter until a conve¬ 
nient time presents itself. 

3. When the time to urinate arrives, the cortical 
centers can (a) facilitate the sacral micturition centers 
to help initiate a micturition reflex and (b) inhibit the 
external urinary sphincter so that urination can occur. 

However, even more important, voluntary urination 
is usually initiated in the following way: First, the per¬ 
son contracts his abdominal muscles, which increases 
the pressure of the urine in the bladder and allows 
extra urine to enter the bladder neck and posterior 
urethra under pressure, thus stretching their walls. 
This then excites the stretch receptors, which excites 
the micturition reflex and simultaneously inhibits the 
external urethral sphincter. Ordinarily, all the urine 
will then be emptied, with rarely more than 5 to 10 mL 
left in the bladder. 
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AB\OtC^IALITIES OF BICTlJRtTWA 

The Atonic Bladder. Destruction of the sensory 
nerve fibers from the bladder to the spinal cord pre- 
vents transmission of stretch signals from the bladder 
and, therefore, also prevents micturition reflex con¬ 
tractions. Therefore, the person loses all bladder con¬ 
trol despite intact efferent fibers from the cord to the 
bladder and despite intact neurogenic connections 
with the brain. Instead of emptying periodically, the 
bladder fills to capacity and overflows a few drops at a 
time through the urethra. This is called outflow inconti¬ 
nence, or simply overflow dribbling. 

The atonic bladder was a common occurrence when 
syphilis was widespread, because syphilis frequently 
causes constrictive fibrosis around the dorsal nerv^e 
root fibers where they enter the spinal cord and, sub¬ 
sequently, destroys these fibers. This condition is 
called tabes dorsalis, and the resulting bladder condi¬ 
tion is called a tabetic bladder. Another common cause 
of this condition is crushing injuries to the sacral region 
of the cord. 

The Automatic Bladder. If the spinal cord is dam¬ 
aged above the sacral region but the sacral segments 
are still intact, typical micturition reflexes still occur. 
However, they are no longer controllable by the brain. 
During the first few days to several weeks after the 
damage to the cord has occurred, the micturition re¬ 
flexes are completely suppressed because of the state 
of ''spinal shock" caused by the sudden loss of facilita¬ 
tor)^ impulses from the brain stem and cerebrum. 
However, if the bladder is emptied periodically by 
catheterization to prevent physical bladder injury, the 
excitability of the micturition reflex gradually increases 
until typical micturition reflexes return. 

It is especially interesting that stimulating the skin in 
the genital region can sometimes elicit a micturition 
reflex in this condition, thus providing a means by 
which some patients can still control urination. 


■ REGULATIOiX OF BODY 

TEMPERATURE-ROLE OF 

THE HYPOTHALAMUS 

Figure 28-8 illustrates approximately what happens 
to the temperature of the nude body after a few hours' 
exposure to dry air ranging from 30 to 170°F. Ob¬ 
viously, the precise dimensions of this curv^e depend 
on the movement of the air, the amount of moisture in 
the air, and even the nature of the surroundings. How¬ 
ever, in general, between approximately 60° and 
130°F in dr\' air the nude body is capable of maintain¬ 
ing a normal body core temperature somewhere be¬ 
tween 97° and 100°F. 

The temperature of the body is regulated almost 
entirely by nervous feedback mechanisms, and almost 
all of these operate through temperature-regulating 
centers located in the hypothalamus. However, for 
these feedback mechanisms to operate, there must also 



Figure 28-8. Effect of high and low atmospheric temperature 
for several hours duration on the internal body temperature, 
showing that the internal body temperature remains stable de¬ 
spite wide changes in atmospheric temperature. 


exist temperature detectors, dicussed next, to deter¬ 
mine when the body temperature becomes either too 
hot or too cold. 

THERMOSTATIC DETECTION 
OF TE.MPERATIRE LX THE 
HYPOTHALAMIS — ROLE OF THE 
AATERIOR HYPOTHALAHIS- 
PREOPTIC AREA 

In recent years, experiments have been performed in 
which minute areas in the brain have been either 
heated or cooled by use of a so-called thermode. This 
small, needle-like device is heated by electrical means 
or by passing hot water through it, or it is cooled by 
cold water. The principal area in the brain in which 
heat from a thermode affects body temperature control 
consists of the preoptic and anterior hypothalamic nu¬ 
clei of the hypothalamus. 

Using the thermode, the anterior hypothalamic- 
preoptic area has been found to contain large numbers 
of heat-sensitive neurons and about a third as many 
cold-sensitive neurons that seem to function as tem¬ 
perature sensors for controlling body temperature. The 
heat-sensitive neurons increase their firing rate as the 
temperature rises, twofold to tenfold with an increase 
in body temperature of 10°C. The cold-sensitive neu¬ 
rons, by contrast, increase their firing rate when the 
body temperature falls. 

When the preoptic area is heated, the skin immedi¬ 
ately breaks out into a profuse sweat while at the same 
time the skin blood vessels over the entire body be¬ 
come greatly vasodilated. Thus, this is an immediate 
reaction to cause the body to lose heat, thereby helping 
to return the body temperature toward the normal 
level. In addition, excess body heat production is in¬ 
hibited. Therefore, it is clear that the preoptic area of 
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the hypothalamus has the capability of serving as a 
thermostatic body temperature control center. 


DETECTION OF TEMPERATURE BY 
RECEPTORS MiX THE SKhX AiXD DEEP 
BODY TISSUES 

Though the signals generated by the temperature re¬ 
ceptors of the hypothalamus are extremely powerful in 
controlling body temperature, receptors in other parts 
of the body also play important roles in temperature 
regulation. This is especially true of temperature re¬ 
ceptors in the skin and in a few specific deep tissues of 
the body. 

The skin is endowed with both cold and warmth 
receptors. However, there are far more cold receptors 
than warmth receptors; in fact, ten times as many in 
many parts of the skin. Therefore, peripheral detection 
of temperature mainly concerns detecting cool and 
cold instead of warm temperatures. 

When the skin is chilled over the entire body, imme¬ 
diate reflex effects are invoked to increase the temper¬ 
ature of the body in several ways: (1) by providing a 
strong stimulus to cause shivering, with resultant in¬ 
crease in the rate of body heat production; (2) by inhib¬ 
iting the process of sweating if this should be occur¬ 
ring; and (3) by promoting skin vasoconstriction to 
diminish the transfer of body heat to the skin. 


ROLE OF THE POSTERIOR 
HYPOTHAI^IUS IIM IIMTEGRATIIXG 
PERIPHERAL AAD CEiXTRAL 
TEMPERATURE SIGIMALS 

Even though a large share of the signals for tempera¬ 
ture detection arise in peripheral receptors, these sig¬ 
nals help control body temperature mainly through 
the hypothalamus. However, the area of the hypothal¬ 
amus that they stimulate is not the anterior hypo- 
thalamus-preoptic area but instead an area located 
bilaterally in the posterior hypothalamus approxi¬ 
mately at the level of the mammary bodies. The ther¬ 
mostatic signals from the anterior hypothalamus- 
preoptic area are also transmitted into this posterior 
hypothalamus area. Here the signals from the preoptic 
area and the signals from the body periphery are com¬ 
bined to provide mainly the heat-producing and heat- 
conserving reactions of the body. 


IVEUROiXAL EFFECTOR MECHAiXISMS 
THAT DECREASE OR LXCREASE BODY 
TEMPERATURE 

When the hypothalamic temperature centers detect 
that the body temperature is either too hot or too cold, 
they institute appropriate temperature-decreasing or 


temperature-increasing procedures. The student is fa¬ 
miliar with most of these from personal experience, 
but special features are the following: 


Temperature-Decreasing Mechanisms 
When the Body Is Too Hot 

The temperature control system employs three impor¬ 
tant mechanisms to reduce body heat when the body 
temperature becomes too great: 

1. Vasodilatation. In almost all areas of the body the 
skin blood vessels become intensely dilated. This is 
caused by inhibition of the sympathetic centers in the 
posterior hypothalamus that cause vasoconstriction. Full 
vasodilatation can increase the rate of heat transfer to 
the skin as much as eightfold. 

2. Sweating, The effect of increased temperature on 
causing sweating is illustrated by the solid curve in 
Figure 28-9, which shows a sharp increase in the rate 
of evaporative heat loss resulting from sweating when 
the body core temperature rises above the critical tem¬ 
perature level of 37°C (98.6° F). An additional 1°C 
increase in body temperature causes enough sweating 
to remove 10 times the basal rate of body heat produc¬ 
tion. 

3. Decrease in heat production. Those mechanisms 
that cause excess heat production, such as shivering 
and chemical thermogenesis, are strongly inhibited. 



Head temperature (°C) 


Figure 28-9. Effect of hypothalamic temperature on (1) evapo¬ 
rative heat loss from the body and (2) heat production caused 
primarily by muscular activity and shivering. This figure demon¬ 
strates the extremely critical temperature level at which increased 
heat loss begins and increased heal production stops. (Drawn 
from data in Benzinger, Kilzinger, and Pratt, in Hardy (ed.]: Tem¬ 
perature. Part 3. Reinhold Publishing Corp., p. 637.) 
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Temperature-increasing Miechanisms 
IFhen the Body Is Too Cold 

When the body is too cold, the temperature control 
system institutes exactly opposite procedures. These 
are: 

1. Skin vasoconstriction throughout the body. This is 
caused by stimulation of the posterior hypothalamic 
sympathetic centers. 

2. Piloerection. Piloerection means hairs '"standing 
on end." Sympathetic stimulation causes the arrector 
pili muscles attached to the hair follicles to contract, 
which brings the hairs to an upright stance. This is not 
important in the human being, but in lower animals 
upright projection of the hairs allows them to entrap a 
thick layer of "insulator air" next to the skin so that the 
transfer of heat to the surroundings is greatly de¬ 
pressed. 

3. Increase in heat production. Heat production by the 
metabolic systems is increased by promoting (1) shiv¬ 
ering, (2) sympathetic excitation of heat production, 
and (3) thyroxine secretion. These require additional 
explanation, as follows: 

Hypothalamic Stimulation of Shivering. Located 
in the dorsomedial portion of the posterior hypothala¬ 
mus near the wall of the third ventricle is an area called 
the primary motor center for shivering. This area is nor¬ 
mally inhibited by signals from the heat center in the 
anterior hypothalamic-preoptic area but is excited by 
cold signals from the skin and spinal cord. Therefore, 
as illustrated by the dashed curve in Figure 28-9, this 
center becomes activated when the body temperature 
falls even a fraction of a degree below a critical temper¬ 
ature level. It then transmits signals that cause shiver¬ 
ing through bilateral tracts down the brain stem, into 
the lateral columns of the spinal cord, and, finally, to 
the anterior motor neurons. These signals are non¬ 
rhythmic and do not cause the actual muscle shaking. 
Instead, they increase the tone of the skeletal muscles 
throughout the body. When the tone rises above a 
certain critical level, shivering begins. This probably 
results from feedback oscillation of the muscle spindle 
stretch reflex mechanism discussed in chapter 16. 
During maximum shivering, body heat production can 
rise to as high as four to five times normal. 

Sympathetic "Chemical" Excitation of Heat Pro¬ 
duction. Either sympathetic stimulation or circulating 
norepinephrine and epinephrine in the blood can 
cause an immediate increase in the rate of cellular me¬ 
tabolism; this effect is called chemical thermogenesis, 
and it results at least partially from the ability of nor¬ 
epinephrine and epinephrine to uncouple oxidative 
phosphorylation, which means that excess foodstuffs 
are oxidized and thereby release energy in the form of 
heat but do not cause adenosine triphosphate to be 
formed. 

The degree of chemical thermogenesis that occurs in 
an animal is almost directly proportional to the amount 
of brown fat that exists in the animal's tissues. This is a 
type of fat that contains large numbers of special mito¬ 
chondria where the uncoupled oxidation occurs; and 


these cells are supplied by a strong sympathetic inner¬ 
vation. 

The process of acclimatization greatly affects the in¬ 
tensity of chemical thermogenesis; some animals that 
have been exposed for several weeks to a very cold 
environment exhibit as much as a 100 to 500 per cent 
increase in heat production when acutely exposed to 
cold, in contrast to the unacclimatized animal, which 
responds with an increase of perhaps one third as 
much. 

In adult human beings, who have almost no brown 
fat, it is rare that chemical thermogenesis increases the 
rate of heat production more than 10 to 15 per cent. 
However, in infants, who do have a small amount of 
brown fat in the interscapular space, chemical thermo¬ 
genesis can increase the rate of heat production as 
much as 100 per cent, which is probably a very impor¬ 
tant factor in maintaining normal body temperature in 
the neonate. 

Increased Thyroxine Output as a Cause of In¬ 
creased Heat Production. Cooling the anterior 
hypothalamic-preoptic area of the hypothalamus also 
increases the production of the neurosecretory hor¬ 
mone thyrotropin-releasing hormone by the hypothala¬ 
mus. This hormone is carried by way of the hypotha¬ 
lamic portal veins to the anterior pituitary gland, 
where it stimulates the secretion of thyroid-stimulating 
hormone. Thyroid-stimulating hormone, in turn, stim¬ 
ulates increased output of thyroxine by the thyroid 
gland. The increased thyroxine increases the rate of 
cellular metabolism throughout the body, which is yet 
another mechanism of chemical thermogenesis. How¬ 
ever, this increase in metabolism does not occur imme¬ 
diately but requires several weeks for the thyroid gland 
to hypertrophy before it reaches its new level of thy¬ 
roxine secretion. 

Exposure of animals to extreme cold for several 
weeks can cause their thyroid glands to increase in size 
as much as 20 to 40 per cent. However, human beings 
rarely allow themselves to be exposed to the same de¬ 
gree of cold as that to which animals have been sub¬ 
jected. Therefore, we still do not know, quantitatively, 
how important the thyroid method of adaptation to 
cold is in the human being. Yet isolated measurements 
have shown that military personnel residing for sev¬ 
eral months in the Arctic develop increased metabolic 
rates; Eskimos also have abnormally high basal meta¬ 
bolic rates. Also, the continuous stimulatory effect of 
cold on the thyroid gland can probably explain the 
much higher incidence of toxic thyroid goiters in per¬ 
sons living in colder climates than in those living in 
warmer climates. 


THE COiVCEPT OF A ‘*SET-POL\T** 

FOR TEMPERATURE COIMTROL 

In the example of Figure 28-9, it is clear that at a very 
critical body core temperature, at a level of almost ex¬ 
actly 37.1 ° C, drastic changes occur in the rates of both 
heat loss and heat production. At temperatures above 
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this level, the rate of heat loss is greater than that of 
heat production, so that the body temperature falls 
and reapproaches the 37.1°C level. At temperatures 
below this level, the rate of heat production is greater 
than heat loss, so that now the body temperature rises 
and again approaches the 37.1 level. Therefore, this 
critical temperature level is called the ''set-point" of 
the temperature control mechanism. That is, all the 
temperature control mechanisms continually attempt 
to bring the body temperature back to this set-point 
level. 

The Feedback Gain for Body Temperature Con¬ 
trol. Feedback gain is a measure of the effectiveness of 
a control system. In the case of body temperature con¬ 
trol, it is important for the internal core temperature to 
change as little as possible despite marked changes in 
the environmental temperature, and the gain of the 
temperature control system is approximately equal to 
the ratio of the change in environmental temperature 
to the change in body temperature that this causes. 
Experiments have shown that the body temperature of 
man changes about 1 for each 25 to 30change in 
environmental temperature. Therefore, the feedback 
gain of the total mechanism for control of body tem¬ 
perature averages about 27, which is an extremely high 
gain for a biological control system (the baroreceptor 
arterial pressure control system, for instance, has a 
gain of less than 2). 


■ ABNORMALITIES OF BODY 
TEMPERATURE REGULATION 

FEVER 

Fever, which means a body temperature above the 
usual range of normal, may be caused by abnormalities 
in the brain itself or by toxic substances that affect the 
temperature-regulating centers. The causes of fever 
include bacterial diseases, brain tumors, and environ¬ 
mental conditions that may terminate in heat stroke. 

RESETTING THE HVPOTHALAHiC 
TERPERATURE REGVLATLXG CEXTER 
IX FEBRILE DISEASES — EFFECT OF 
PVROGEXS 

Many proteins, breakdown products of proteins, and 
certain other substances, especially lipopolysaccharide 
toxins secreted by bacteria, can cause the set-point of 
the hypothalamic thermostat to rise. Substances that 
cause this effect are called pyrogens. It is pyrogens se¬ 
creted by toxic bacteria or pyrogens released from de¬ 
generating tissues of the body that cause fever during 
disease conditions. When the set-point of the hypotha¬ 
lamic temperature regulating center becomes in¬ 
creased to a higher level than normal, all the mecha¬ 
nisms for raising the body temperature are brought 
into play, including heat conservation and increased 
heat production. Within a few hours after the set-point 


has been increased to a higher level, the body tempera¬ 
ture also approaches this level. 

Mechanism of Action of Pyrogens in Causing 
Fever — Role of Interleukin-1. Experiments in ani¬ 
mals have shown that some pyrogens, when injected 
into the hypothalamus, can act directly on the hypo¬ 
thalamic temperature regulating center to increase its 
set-point, though still other pyrogens function indi¬ 
rectly and also may require several hours of latency 
before causing their effects. This is true of many of the 
bacterial pyrogens, especially the endotoxins from 
gram-negative bacteria, as follows: 

When bacteria or breakdown products of bacteria 
are present in the tissues or in the blood, these are 
phagocytized by the blood leukocytes, the tissue macro¬ 
phages, and the large granular killer lymphocytes. All of 
these cells in turn digest the bacterial products and 
then release into the body fluids the substance interleu¬ 
kin-1, which is also called leukocyte pyrogen or endoge¬ 
nous pyrogen. The interleukin-1, on reaching the hypo¬ 
thalamus, immediately produces fever, increasing the 
body temperature in as little as 8 to 10 min. As little as 
one ten millionth of a gram of endotoxin lipopolysac¬ 
charide acting in this manner in concert with the blood 
leukocytes, tissue macrophages, and killer lympho¬ 
cytes can cause fever. The amount of interleukin-1 that 
is formed in response to the lipopolysaccharide to 
cause the fever is only a few nanograms. 

Several recent experiments have suggested that in¬ 
terleukin-1 causes fever by first inducing the forma¬ 
tion of one of the prostaglandins or a similar substance 
and this in turn acting in the hypothalamus to elicit the 
fever reaction. When prostaglandin formation is 
blocked by drugs, the fever is either completely abro¬ 
gated or at least reduced. In fact, this may be the expla¬ 
nation for the manner in which aspirin reduces the 
degree of fever, because aspirin impedes the formation 
of prostaglandins from arachidonic acid. It also would 
explain why aspirin does not lower the body tempera¬ 
ture in a normal person, because a normal person does 
not have any interleukin-1. Drugs such as aspirin that 
reduce the level of fever are called antipyretics. 

Fever Caused by Brain Lesions. When a brain sur¬ 
geon operates in the region of the hypothalamus, se¬ 
vere fever almost always occurs; rarely, however, the 
opposite effect occurs, thus illustrating both the po¬ 
tency of the hypothalamic mechanisms for body tem¬ 
perature control and also the ease with which abnor¬ 
malities of the hypothalamus can alter the set-point of 
temperature control. Another condition that fre¬ 
quently causes prolonged high temperature is com¬ 
pression of the hypothalamus by brain tumors. 
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Hypothalamic and Pituitary 
Control of Hormones and 
Reproduction 


One of the means by which the nervous system con¬ 
trols bodily activity is by increasing or decreasing the 
secretion of many of the body's hormones. In previous 
chapters we have already discussed part of this func¬ 
tion, such as control of the secretion of epinephrine 
and norepinephrine by the autonomic nervous system 
and control of different local hormones in the gastroin¬ 
testinal tract. 

In this chapter we will discuss much more global 
means by which the nervous system controls the se¬ 
cretion of hormones by most of the body's endocrine 
glands. These hormones in turn control many if not 
most of the body's metabolic functions as well as re¬ 
production. 

The nervous system's central control area for this 
global system is the hypothalamus, which controls the 
secretions of at least eight important hormones by the 
pituitary gland. These pituitary hormones in turn con¬ 
trol the secretion of still other hormones by the thyroid 
gland, the adrenal glands, and the ovaries or testes. 
The function of the hypothalamus, and therefore its 
control effects on this pyramidal hormonal system, is 
itself controlled by nerve signals from almost all other 
parts of the brain, especially signals elicited by such 
subconscious nervous effects as the emotions, sex 
drives, body temperature, hunger, thirst, and even the 
crying of a baby. 

It will not be possible to describe in the limited pages 
of this text this entire system and its multiple effects on 
the body. Yet, in this chapter we will discuss the most 
important features of the system, (1) the relationship of 
the hypothalamus to the pituitary gland and (2) the 
neurohormonal factors that promote the onset of re¬ 
production. 


■ THE PITUITARY GLAIVD 
AIVD ITS RELATIOIV TO THE 
HYPOTHALAMUS 


The pituitary gland (Fig. 29-1), also called the hypoph¬ 
ysis, is a small gland — about 1 cm in diameter and 0.5 
to 1 gin weight — that lies in the sella turcica at the base 
of the brain and is connected with the hypothalamus 
by the pituitary (or hypophysial) stalk. Physiologically, 
the pituitary gland is divisible into two distinct por¬ 
tions: the anterior pituitary, also known as the adenohy¬ 
pophysis, and the posterior pituitary, also known as the 
neurohypophysis. Between these is a small, relatively 
avascular zone called the pars intermedia, which is al¬ 
most absent in the human being while much larger and 
much more functional in some lower animals. 

Embryologically, the two portions of the pituitary 
originate from different sources, the anterior pituitary 
from Rathke's pouch, which is an embryonic invagina¬ 
tion of the pharyngeal epithelium, and the posterior 
pituitary from an outgrowth of the hypothalamus. The 
origin of the anterior pituitary from the pharyngeal 
epithelium explains the epithelioid nature of its cells, 
while the origin of the posterior pituitary from neural 
tissue explains the presence of large numbers of glial- 
type cells in this gland. 

Six very important hormones plus several less im¬ 
portant ones are secreted by the anterior pituitary, and 
two important hormones are secreted by the posterior 
pituitary. The hormones of the anterior pituitary play 
major roles in the control of metabolic functions 
throughout the body, as shown in Figure 29-2. (1) 
Growth hormone promotes growth of the animal by 
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affecting protein formation, cell multiplication, and 
cell differentiation. (2) Adrenocorticotropm (corticotro¬ 
pin) controls the secretion of some of the adrenocortical 
hormones, which in turn affect the metabolism of glu¬ 
cose, proteins, and fats. (3) Thyroid-stimulating hor¬ 
mone (thyrotropin) controls the rate of secretion of thy¬ 
roxine by the th\Toid gland, and thyroxine in turn 
controls the rates of most chemical reactions of the 
entire body, (4) Prolactin promotes the mammary 
gland development and milk production. And two 
separate gonadotropic hormones, (5) follicle-stimulat¬ 
ing hormone and (6) luteinizing hormone, control growth 
of the gonads as well as their reproductive activities. 

The two hormones secreted by the posterior pitui- 



Figure 29 — 2. .Metabolic functions of the anterior pituitary hor¬ 
mones. 


tarv^ play other roles. (1) Antidiuretic hormone (also 
called vasopressin) controls the rate of water excretion 
into the urine and in this way helps control the con¬ 
centration of water in the body fluids. (2) Oxytocin (a) 
helps deliver milk from the glands of the breast to the 
nipples during suckling and (b) helps in the deliverv^ of 
the baby at the end of gestation. 


CONTROL OF PITTITARV SECRETIOS 
BY THE HYPOTHAIuAMlS 

Almost all secretion by the pituitarv^ is controlled by 
either hormonal or nerv^ous signals from the hypothal¬ 
amus. Indeed, when the pituitar}^ gland is removed 
from its normal position beneath the hypothalamus 
and transplanted to some other part of the body, its 
rates of secretion of the different hormones (except for 
prolactin) fall to low levels—in the case of some of the 
hormones, to zero. 

Secretion from the posterior pituitary is controlled 
by nerv^e signals originating in the hypothalamus and 
terminating in the posterior pituitar}^ In contrast, se¬ 
cretion by the anterior pituitary is controlled by hor¬ 
mones called hypothalamic releasing and inhibitory hor¬ 
mones (or factors) secreted within the hypothalamus 
itself and then conducted to the anterior pituitary^ 
through minute blood vessels called hypothalamic- 
hypophysial portal vessels. In the anterior pituitarv^ 
these releasing and inhibitory hormones act on the 
glandular cells to control their secretion. This system of 
control will be discussed in detail later in the chapter. 

The hypothalamus in turn receives signals from al¬ 
most all possible sources in the nervous system. Thus, 
w^hen a person is exposed to pain, a portion of the pain 
signal is transmitted into the hypothalamus. Likewise, 
when a person experiences some powerful depressing 
or exciting thought, a portion of the signal is transmit¬ 
ted into the hypothalamus. Olfactorv^ stimuli denoting 
pleasant or unpleasant smells transmit strong signal 
components directly and through the amygdaloid nu¬ 
clei into the hypothalamus. Even the concentrations of 
nutrients, electrolytes, water, and various hormones in 
the blood excite or inhibit various portions of the hypo¬ 
thalamus. Thus, the hypothalamus is a collecting 
center for information concerned with the internal 
w^ell-being of the body, and in turn much of this infor¬ 
mation is used to control secretions of the many glob¬ 
ally important pituitarv^ hormones. 

The Hiyjothalamic-^Hijjophisial 
Portal System 

The anterior pituitary is a highly vascular gland with 
extensive capillar}^ sinuses among the glandular cells. 
Almost all the blood that enters these sinuses passes 
first through another capillar}^ bed in the low^er tip of 
the hypothalamus and then through small hypotha¬ 
lamic-hypophysial portal vessels into the anterior pitui¬ 
tary sinuses. Thus, Figure 29-3 illustrates a small 
artery supplying the lowermost portion of the hypo- 
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Hypothalamus 



Figure 29-3. The hypothalamic-liypophysial portal system. 


thalamus called the median eminence that connects in- 
feriorly with the pituitary stalk. Small blood vessels 
penetrate into the substance of the median eminence 
and then return to its surface, coalescing to form the 
hypothalamic-hypophysial portal vessels. These in 
turn pass downward along the pituitary stalk to supply 
blood to the anterior pituitary sinuses. 

Secretion of Hypothalamic Releasing and Inhibi¬ 
tory Hormones Into the Median Eminence. Special 
neurons in the hypothalamus synthesize and secrete 
the hypothalamic releasing and inhibitory hormones (or 
releasing and inhibitory factors) that control the secre¬ 
tion of the anterior pituitary hormones. These neurons 
originate in various parts of the hypothalamus and 
send their nerve fibers into the median eminence and 
the tuber cinereum, an extension of hypothalamic tis¬ 
sue that extends into the pituitary stalk. The endings of 
these fibers are different from most endings in the 
central nervous system in that their function is not to 
transmit signals from one neuron to another but 
merely to secrete the hypothalamic releasing and in¬ 
hibitory hormones (factors) into the tissue fluids. 
These hormones are immediately absorbed into the 
hypothalamic-hypophysial portal system and carried 
directly to the sinuses of the anterior pituitary gland. 

(To avoid confusion, the student needs to know the differ¬ 
ence between a "factor" and a "hormone." A substance that 
has the actions of a hormone but that has not been purified 
and identified as a distinct chenaical compound is called a 
factor. Once it has been so identified, it is thereafter known as 
a hormone instead of simply a factor.) 

Function of the Releasing and Inhibitory Hor¬ 
mones. The function of the releasing and inhibitory 
hormones is to control the secretion of the anterior 
pituitary hormones. For most of the anterior pituitary 
hormones it is the releasing hormones that are impor¬ 
tant; but, for prolactin, an inhibitory hormone proba¬ 
bly exerts the most control. The hypothalamic releas¬ 
ing and inhibitory hormones (or factors) that are of 
major importance are the following; 


1. Thyroid-stimulating hormone releasing hormone 
(TRH), which causes release of thyroid-stimulating 
hormone. 

2. Corticotropin-releasing hormone (CRH), which 
causes release of adrenocorticotropin. 

3. Growth hormone releasing hormone (GHRH), 
which causes release of growth hormone, and growth 
hormone inhibitory hormone (GHIH), which is the same 
as the hormone somatostatin and which inhibits the 
release of growth hormone. 

4. Gonadotropin-releasing hormone (GnRH), which 
causes release of the two gonadotropic hormones, lu¬ 
teinizing hormone and follicle-stimulating hormone. 

5. Prolactin inhibitory factor (PIF), which causes in¬ 
hibition of prolactin secretion. 

In addition to these more important hypothalamic 
hormones, still another probably excites the secretion 
of prolactin, and several possibly inhibit some of the 
other anterior pituitary hormones. Each of the more 
important hypothalamic hormones will be discussed 
in detail at the time that the specific hormonal system 
controlled by them is presented. 

Specific Areas in the Hypothalamus That Control 
Secretion of Specific Hypothalamic Releasing and 
Inhibitory Factors. All or most of the hypothalamic 
hormones are secreted at nerve endings in the median 
eminence before being transported to the anterior pi¬ 
tuitary gland. Electrical stimulation of this region ex¬ 
cites these nerve endings and therefore causes release 
of essentially all the hypothalamic hormones. How¬ 
ever, the neuronal cell bodies that give rise to these 
median eminence nerve endings are located in other 
discrete areas of the hypothalamus or in closely related 
areas of the basal brain. Unfortunately, the specific loci 
of the neuronal cell bodies that form the different hy¬ 
pothalamic releasing or inhibitory hormones are so 
incompletely known that it would be misleading to 
attempt a delineation here. 


PHySMOLOGiCAL FVXCTIOXS OF THE 
AiXTERiOR PtnTTARl HORHOXES 

All the major anterior pituitary hormones besides 
growth hormone exert their principal effects by stimu¬ 
lating target glands — such as the thyroid gland, the 
adrenal cortex, the ovaries, the testicles, and the mam¬ 
mary glands. We will discuss briefly the functions 
of four of the pituitary hormones, growth hormone, 
thyroid-stimulating hormone, adrenocorticotropin, and 
prolactin. The functions of the two gonadotropic 
hormones, luteinizing hormone and follicle-stimulating 
hormone, will be discussed later in this chapter. 

Grou'ih Hormone 

Growth hormone is secreted by the anterior pituitary 
gland throughout the entire life of a person. Its rate of 
secretion is controlled by growth hormone-releasing 
hormone, which is formed in the hypothalamus and 
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transmitted to the anterior pituitary gland through the 
hypothalamic-hypophysial portal system. 

Growth hormone has two major functions: The first 
of these is to promote growth of the infant into the 
child and then of the child into the adult. One of 
the growth-promoting effects is to cause growth of the 
bones, thus making the skeleton grow progressively 
larger. However, the body stops increasing in height at 
adolescence because the long bones of the body then 
lose their capability for growing longer because the 
growing cells of the bone epiphyses (where growth 
occurs) become used up. In addition to causing the 
bones to grow, this hormone promotes growth of es¬ 
sentially all other tissues of the body. 

The second function of growth hormone is to control 
several of the metabolic functions of the body. Though 
these have not been defined in great detail, it is clear 
that growth hormone is essential for protein formation 
and for its maintenance in essentially all cells of the 
body. This, presumably, is the principal cause of 
growth. Growth hormone also enhances fat utilization 
but at the same time decreases carbohydrate use by the 
cells. 

When growth hormone is not secreted by the ante¬ 
rior pituitary gland of a child, growth fails to occur, and 
the result is a so-called pituitary dwarf who retains 
childish features and often attains a height no greater 
than two to three feet. On the other hand, excess pro¬ 
duction of growth hormone by the anterior pituitary 
gland, caused usually by a tumor of the pituitary's 
growth hormone-producing cells, will cause the per¬ 
son to become a giant. 


Thii'oid-Stimulating Hormone and Its 
Control ofThi^oid Gland Secretion 

The thyroid gland secretes two hormones, thyroxin and 
diiodothyronine, that are very important in controlling 
the overall rate of metabolism of almost all tissues of 
the body — that is in controlling how rapidly the 
chemical reactions occur in all the tissues. When the 
rate of metabolism is great, a large amount of heat is 
also formed in the body, so that these thyroid hor¬ 
mones also play an important role in controlling body 
temperature. 

Control of thyroid hormone secretion is vested in 
the hypothalamus and anterior pituitary gland. The 
hypothalamus secretes thyroid-stimulating hormone- 
releasing hormone. This then passes by way of the hy¬ 
pothalamic-hypophysial portal system to the anterior 
pituitary gland where it causes the release of thyroid- 
stimulating hormone; the thyroid-stimulating hor¬ 
mone, in turn, is carried to the thyroid gland in the 
blood and is the controller of thyroid hormone secre¬ 
tion. Therefore, damage to either the hypothalamus or 
the anterior pituitary gland, especially the latter, can 
greatly reduce the rate of production of the thyroid 
hormones. 

In the absence of the thyroid hormones, the person 
develops hypothyroidism, in which all the bodily activi¬ 


ties become very sluggish, and the person often be¬ 
comes obese. On the other hand, overactivity of the 
hypothalamus or anterior pituitary gland can cause 
hyperthyroidism, in which the bodily functions be¬ 
come greatly overactive. Many of the body's tissues 
can actually be seriously damaged because of this 
overactivity. The person also becomes very excitable 
and nervous. Hyperthyroidism is often caused by psy¬ 
chic stress that elicits excessive signals from the hypo¬ 
thalamus. 

Fortunately, in the normal person there is a feedback 
mechanism for control of thyroid secretion. That is, 
when thyroid secretion becomes too great, the hypo¬ 
thalamic-pituitary control system itself becomes inhib¬ 
ited, thus returning the body to normal thyroid secre¬ 
tion. 


Adrenocorticotropin and Its Control of 
the Adrenocortical Hormones 

Each person has two adrenal glands, lying respectively 
on top of the superior poles of the two kidneys. The 
cortical portions of these glands secrete several differ¬ 
ent steroid hormones, the two most important of 
which are cortisol and aldosterone. The rate of secretion 
of aldosterone is controlled mainly by such factors as 
plasma potassium ion concentration, plasma sodium 
ion concentration, and by the hormone angiotensin. 
On the other hand, the secretion of cortisol by the 
adrenal cortex is controlled almost entirely by the rate 
of secretion of adrenocorticotropin by the anterior pitui¬ 
tary. And the rate of secretion of adrenocorticotropin 
is itself controlled by corticotropin-releasing hormone, 
which is formed in the hypothalamus and transported 
to the pituitary gland through the hypothalamic-hy¬ 
pophysial portal system. 

Cortisol has powerful controlling effects on many 
metabolic functions of the body, including protein me¬ 
tabolism, carbohydrate metabolism, and fat metabo¬ 
lism. For instance, it has an opposite effect on protein 
metabolism to that of growth hormone—that is, it 
reduces the amount of protein in most of the tissues. In 
doing so, it releases amino acids into the circulating 
blood that can be used elsewhere in the body when 
they are required to repair damaged tissues. For this 
reason as well as others, cortisol is a very valuable 
hormone to help the body repair tissue destruction 
during stress. Cortisol also enhances the conversion of 
amino acids into carbohydrates, which in turn are used 
for energy. It increases the utilization of fats for energy 
as well. 

The hypothalamic control of cortisol secretion is es¬ 
pecially important. Within minutes after a person ex¬ 
periences serious physical stress, such as a broken 
bone, excessive heat, hemorrhage, or almost any other 
life-threatening occurrence, the level of cortisol circu¬ 
lating in the body fluids increases many times, some¬ 
times 20-fold or more. And the cortisol in turn plays a 
very significant role in helping the cells resist the de¬ 
structive effects of the stress. 
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Prolactin and Its Control of Hilk 
Secretion 

Under normal conditions, the rate of prolactin secre¬ 
tion is relatively slight. However, during pregnancy its 
secretion increases progressively until it becomes 
about ten times normal by the time the baby is bom. 
The prolactin helps to promote growth of protein tis¬ 
sues in the fetus. But another important function is its 
ability to cause development of the breasts during 
pregnancy and to cause milk secretion after birth of the 
baby. 

Even though prolactin stimulates development of 
the breasts during pregnancy, the large quantities of 
estrogens and progesterone that are secreted by the 
placenta during pregnancy inhibit milk production 
until the baby is bom. But after birth, when the pla¬ 
centa is no longer available to secrete the estrogens and 
progesterone, the prolactin then causes rapid secretion 
of milk by the breasts. Furthermore, everytime the 
baby suckles a breast, nerve signals pass from the 
breast, up the spinal cord, and into the hypothalamus 
to cause an increase in prolactin secretion and there¬ 
fore production of more milk. 

The hypothalamus controls prolactin secretion 
somewhat differently from the way that it controls the 
secretion of other anterior pituitary hormones. It does 
so by an inhibitory hormone, prolactin inhibitory hor¬ 
mone, rather than by a releasing hormone. That is, the 
hypothalamus normally secretes an excess of prolactin 
inhibitory hormone, which keeps the rate of secretion 
of prolactin at a relatively low level. However, during 
pregnancy and during periods of milk production, the 
hypothalamus decreases its rate of formation of prolac¬ 
tin inhibitory hormone, in this way allowing increased 
production of prolactin. 

Because of the essential role of the hypothalamus 
in milk secretion, strong psychic stimuli, particularly 
emotional states of anguish, can actually cause the 
mother's milk-secreting apparatus to dry up. 


■ THE POSTERIOR 

PITUITARY GLAi\D Ai\D 
ITS RELATION TO THE 
HYPOTHALAMUS 

The posterior pituitary gland, also called the neurohy¬ 
pophysis, is composed mainly of glial-like cells called 
pituicytes. However, the pituicytes do not secrete hor¬ 
mones; they act simply as a supporting structure for 
large numbers of terminal nerve fibers and terminal 
nerve endings from nerve tracts that originate in the 
supraoptic and paraventricular nuclei of the hypothala¬ 
mus, as shown in Figure 29-4. These tracts pass to the 
neurohypophysis through the pituitary stalk (hypo¬ 
physial stalk). The nerve endings are bulbous knobs 
containing many secretory granules that lie on the sur¬ 
faces of capillaries onto which they secrete the two 



Figure 29-4. Hypothalamic control of the posterior pituitary. 


posterior pituitary hormones: (1) antidiuretic hormone 
(ADH), also called vasopressin; and (2) oxytocin. 

If the pituitary stalk is cut above the pituitary gland 
but the entire hypothalamus is left intact, the posterior 
pituitary hormones continue, after a transient decrease 
for a few days, to be secreted almost normally; but they 
are then secreted by the cut ends of the fibers within 
the hypothalamus and not by the nerve endings in the 
posterior pituitary. The reason for this is that the hor¬ 
mones are initially synthesized in the cell bodies of the 
supraoptic and paraventricular nuclei and are then 
transported in combination with "carrier" proteins 
called neurophysins down to the nerve endings in the 
posterior pituitary gland, requiring several days to 
reach the gland. 

ADH is formed primarily in the supraoptic nuclei, 
whereas oxytocin is formed primarily in the paraventricu¬ 
lar nuclei However, each of these two nuclei can syn¬ 
thesize approximately one sixth as much of the second 
hormone as of its primary hormone. 

When nerve impulses are transmitted downward 
along the fibers from the supraoptic or paraventricular 
nuclei, the hormone is immediately released from the 
secretory granules in the nerve endings by the usual 
secretory mechanism of exocytosis and is absorbed into 
adjacent capillaries. 


FUXCTWX OF THE POSTERIOR 
PITVITARY HORHOXES 

Antidiuretic Hormone. The function of antidiuretic 
hormone was discussed in detail in Chapter 27. It was 
pointed out that special neuronal cells called osmore¬ 
ceptors located in the supraoptic nuclei are stimulated 
when the osmotic concentration of the extracellular 
fluids becomes too great. These cells then secrete anti¬ 
diuretic hormone at their endings in the posterior pitu¬ 
itary gland. The antidiuretic hormone in turn acts on 
the tubules of the kidneys to cause increased water 
reabsorption, which retains water in the body fluids 
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while allowing sodium and other dissolved substances 
to be excreted into the urine. Over a period of hours to 
days, by this process the body fluids are diluted and 
their osmotic concentration returns to normal. 

Oxytocin. The hormone oxytocin powerfully stimu¬ 
lates the pregnant uterus, especially so toward the end 
of gestation. Therefore, this hormone is at least par¬ 
tially responsible for causing birth. In a hypophysecto- 
mized animal, the duration of labor is prolonged. Also, 
the amount of oxytocin in the plasma increases during 
the latter stages of labor. And, finally, stimulation of 
the cervix in a pregnant animal elicits nerv^e signals 
that pass through the hypothalamus to the posterior 
pituitary gland to cause increased secretion of oxy¬ 
tocin. 

Therefore, there are many reasons to believe that the 
intense stretching of the cervix of the uterus during 
labor elicits nervous reflexes which excite the anterior 
hypothalamus to cause increased secretion of the hor¬ 
mone oxytocin. The oxytocin in turn promotes addi¬ 
tional contraction of the uterus, which expels the baby 
much more rapidly than would otherwise occur. In 
other words, once labor begins, this oxytocin feedback 
mechanism helps to create a cycle of progressively in¬ 
creasing uterine contractions that ordinarily will not 
stop until the baby is delivered. 

Effect of Oxytocin on Milk Ejection. Oxytocin also 
plays an important role in the process of lactation. In 
lactation, oxytocin causes milk to be expressed from 
the alveoli of the breasts into the ducts that lead to the 
nipple. This makes the milk available to the baby by 
suckling. This mechanism works as follows: The suck¬ 
ling stimuli on the nipple cause signals to be transmit¬ 
ted through sensory nerves to the brain. The signals 
pass upward through the brain stem and finally reach 
the oxytocin neurons in the paraventricular and su¬ 
praoptic nuclei in the hypothalamus, to cause release 
of oxytocin. The oxytocin then is carried by the blood 
to the breasts. Here it causes contraction of myoepithe¬ 
lial cells that lie outside of and form a lattice-work 
around the alveoli of the mammary glands. In less than 
a minute after the beginning of suckling, milk begins to 
flow. Therefore, this mechanism is frequently called 
milk let-down or milk ejection. 


m COXTROL OF MALE SEXUAL 
FUXCTIOXS BY THE 
GOXADOTROPIC HORMOXES 
—FSH AXD LH 

The anterior pituitary gland secretes two major go¬ 
nadotropic hormones; (1) follicle-stimulating hormone 
(FSH); and (2) luteinizing hormone (LH). These are gly¬ 
coprotein hormones that play major roles in the con¬ 
trol of both male and female sexual function. 

Regulation of Testosterone Production by LH. 
Testosterone is produced by the interstitial cells of 
Leydig in the testes but only when they are stimulated 
by LH from the pituitary gland. The quantity of testos¬ 


terone secreted increases approximately in direct pro¬ 
portion to the amount of LH available. 

Injection of purified LH into a child causes fibro¬ 
blasts in the interstitial areas of the testes to develop 
into interstitial cells of Leydig, though mature Leydig 
cells are not normally found in the child's testes until 
after the age of approximately 10 years. 


REGVLATIOX OF PITVITARV 
SECRETIOiX OF LH AAD FSH BY THE 
HYPOTHAJLAXWS 

The gonadotropins, like corticotropin and thyrotropin, 
are secreted by the anterior pituitary gland mainly in 
response to nervous activity in the hypothalamus. For 
instance, in the female rabbit, coitus with a male rabbit 
elicits nervous activity in the hypothalamus that in 
turn stimulates the anterior pituitary to secrete FSH 
and LH. These hormones then cause rapid ripening of 
follicles in the rabbit's ovaries, followed a few hours 
later by ovulation. 

Many other types of nervous stimuli are also known 
to affect gonadotropin secretion. For instance, in 
sheep, goats, and deer, nervous stimuli in response to 
changes in weather and amount of light in the day 
increase the quantities of gonadotropins during one 
season of the year, the mating season, thus allowing 
birth of the young during an appropriate period for 
survival. Also, psychic stimuli can affect fertility of the 
male animal, as exemplified by the fact that transport¬ 
ing a bull under uncomfortable conditions can often 
cause almost complete temporary sterility. In the 
human being, too, it is known that various psychic 
stimuli feeding into the hypothalamus can cause 
marked excitatory or inhibitory effects on gonadotro¬ 
pin secretion, in this way sometimes greatly altering 
the degree of fertility. 

Gonadotropin-Releasing Hormone (GnRH), the 
Hypothalamic Hormone That Stimulates Gonado¬ 
tropin Secretion. In both the male and the female the 
hypothalamus controls gonadotropin secretion by way 
of the hypothalamic-hypophysial portal system, as 
was discussed earlier in the chapter. Though there are 
two different gonadotropic hormones, luteinizing hor¬ 
mone and follicle-stimulating hormone, only one hy¬ 
pothalamic-releasing hormone has been discovered; 
this is gonadotropin-releasing hormone (GnRH). This 
hormone has an especially strong effect on inducing 
luteinizing hormone secretion by the anterior pituitary" 
gland. However, it also has a potent effect in causing 
follicle-stimulating hormone secretion as well. 

GnRH plays a similar role in controlling gonadotro¬ 
pin secretion in the female, where the interrelation¬ 
ships are far more complex. Therefore, its nature and 
its functions will be discussed in much more detail later 
in the chapter. 

Reciprocal Inhibition of Hypothalamic-Anterior 
Pituitary Secretion of Gonadotropic Hormones by 
Testicular Hormones. Feedback Control of Testos¬ 
terone Secretion. Injection of testosterone into either a 
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male or a female animal strongly inhibits the secretion 
of luteinizing hormone but only slightly inhibits the 
secretion of the follicle-stimulating hormone. This in¬ 
hibition depends on normal function of the hypothala¬ 
mus; therefore, it is quite clear that the following nega¬ 
tive feedback control system operates continuously to 
control very precisely the rate of testosterone secretion: 

1. The hypothalamus secretes gonadotropin-releasing 
hormone, which stimulates the anterior pituitary gland 
to secrete luteinizing hormone. 

2. Luteinizing hormone in turn stimulates hyperpla¬ 
sia of the Ley dig cells of the testes and also stimulates 
production of testosterone by these cells. 

3. The testosterone in turn feeds back negatively to 
the hypothalamus, inhibiting production of gonado¬ 
tropin-releasing hormone. This obviously limits the 
rate at which testosterone will be produced. On the 
other hand, when testosterone production is too low, 
lack of inhibition of the hypothalamus leads to subse¬ 
quent return of testosterone secretion to the normal 
level. 

Feedback Control of Spermatogenesis — Role of 
"Inhibin.” It is known, too, that spermatogenesis by 
the testes inhibits the secretion of FSH. Conversely, 
failure of spermatogenesis causes markedly increased 
secretion of FSH; this is especially true when the semi¬ 
niferous tubules are destroyed, including destruction 
of the Sertoli cells in addition to the germinal cells. 
Therefore, it is believed that the Sertoli cells secrete a 
hormone that has a direct inhibitory effect mainly on 
the anterior pituitary gland (but perhaps slightly on the 
hypothalamus as well) to inhibit the secretion of FSH. 
A glycoprotein hormone having a molecular weight 
between 10,000 and 30,000 called inhibin has been 
isolated from cultured Sertoli cells and is probably re¬ 
sponsible for most of the feedback control of FSH se¬ 
cretion and of spermatogenesis. This feedback cycle is 
the following: 

1. Follicle-stimulating hormone stimulates the Ser¬ 
toli cells that provide nutrition for the developing 
spermatozoa. 

2. The Sertoli cells release inhibin that in turn feeds 
back negatively to the anterior pituitary gland to in¬ 
hibit the production of FSH. Thus, this feedback cycle 
maintains a constant rate of spermatogenesis, without 
underproduction or overproduction that is required for 
male reproductive function. 


PUBERTY AND ttEGULATtON OF 
MTS ONSET 

Initiation of the onset of puberty has long been a mys¬ 
tery. In the earliest history of humanity, the belief was 
simply that the testicles "ripened" at this time. With 
the discovery of the gonadotropins, ripening of the 
anterior pituitary gland was considered responsible. 
Now it is known from experiments in which both tes¬ 
ticular and pituitary tissues have been transplanted 


from infant animals into adult animals that both the 
testes and the anterior pituitary of the infant are ca¬ 
pable of performing adult functions if appropriately 
stimulated. Therefore, it is now certain that during 
childhood the hypothalamus simply does not secrete 
GnRH. 

For reasons not understood, some maturation pro¬ 
cess in the brain causes the hypothalamus to begin 
secreting GnRH at the time of puberty. This secretion 
will not occur if the neuronal connections between the 
hypothalamus and other parts of the brain are not 
intact. Therefore, the present belief is that the matura¬ 
tion process probably occurs elsewhere in the brain 
instead of in the hypothalamus. One suggested locus is 
the amygdala. 


■ REGlJLATIOi\ OF THE 
FEMALE MOi\THLY 
RHYTHM — IIVTERPLA Y 
RETWEEIV THE OVARIAIV 
AIVD HYPOTHALAMIC- 
PITUITARY HORMOIVE8 

FUNCTION OF THE HYPOTHAEAMUS 
IN THE REGULATION OF 
GONADOTROPIN SECRETION — 
GONADOTROPIN'RELEASING 
HORHONE 

As pointed out earlier in the chapter, secretion of most 
of the anterior pituitary hormones is controlled by re¬ 
leasing hormones formed in the hypothalamus and 
then transported to the anterior pituitary gland by way 
of the hypothalamic-hypophysial portal system. In the 
case of the gonadotropins, at least one releasing hor¬ 
mone, gonadotropin-releasing hormone (GnRH), also 
called luteinizing hormone-releasing hormone (LHRH), 
is important. This has been purified and has been 
found to be a decapeptide having the following for¬ 
mula: 

Glu-His-Trp-Ser-Tyr-Gly-Leu-Arg- 

Pro-Gly-NH 2 

Hypothalamic Centers for Release of GnRH. The 
neuronal activity that causes release of GnRH occurs 
primarily in the mediobasal hypothalamus, especially 
in the arcuate nuclei of this area. Therefore, it is be¬ 
lieved that these arcuate nuclei control most female 
sexual activity, though other neurons located in the 
preoptic area of the anterior hypothalamus also secrete 
GnRH in moderate amounts, the function of which is 
unclear. Multiple neuronal centers in the brain's limbic 
system transmit signals into the arcuate nuclei to mod¬ 
ify both the intensity of GnRH release and the fre¬ 
quency of the pulses, thus providing a possible expla¬ 
nation of why psychic factors very often modify 
female sexual function. 
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iXEGATIVE FEEDBACK EFFECT OF 
ESTROGEi\% PROGESTEROiXE, AA^D 
hXHIBLY OiV SECRETIOIV OF 
FOLLICLE-STIMIJLATING HORftOiXE 
AjXD LlJTEIiMZIiXG HORROIVE 

Estrogen in small amounts and progesterone in large 
amounts inhibit the production of FSH and LH. These 
feedback effects seem to operate mainly directly on the 
anterior pituitary gland but to a lesser extent on the 
hypothalamus to decrease secretion of GnRH, espe¬ 
cially by altering the frequency of the GnRH pulses. 

In addition to the feedback effects of estrogen and 
progesterone, still another hormone also seems to be 
involved. This is inhibin, which is secreted along with 
the steroid sex hormones by the corpus luteum in the 
same way that the Sertoli cells secrete this same hor¬ 
mone in the male testes. This inhibin has the same 
effect in the female as in the male of inhibiting the 
secretion of FSH by the anterior pituitary gland and LH 
to a lesser extent as well. Therefore, it is believed that 
inhibin might be especially important in causing the 
decrease in secretion of FSH and LH toward the end of 
the female sexual month. 


POSITIVE FEEDBACK EFFECT OF 
ESTROGEi\ BEFORE OWLATIOiV — 

THE PREOITJLATORY LVTEIiXTZhXG 
HORHOAE SURGE 

For reasons not completely understood, the anterior 
pituitary gland secretes greatly increased amounts of 
LH for a period of 1 to 2 days beginning 24 to 48 hours 
before ovulation. This effect is illustrated in Figure 
29-5, and the figure shows a much smaller preovula¬ 
tory surge of FSH as well. 

Experiments have shown that infusion of estrogen 
into a female above a critical rate for a period of 2 to 3 
days during the first half of the ovarian cycle will cause 



Days of female sexual cycle 

Figure 29 — 5. Approximate plasma concentrations of the gonad¬ 
otropins and ov'arian hormones during the normal female sexual 
cycle. 


rapidly accelerating growth of the follicles and also 
rapidly accelerating secretion of ovarian estrogens. 
During this period the secretion of both FSH and LH 
by the anterior pituitary gland is at first suppressed 
slightly. Then abruptly the secretion of LH increases 
six- to eightfold, and the secretion of FSH increases 
about twofold. The cause of this abrupt increase in 
secretion of the gonadotropins is not known. How¬ 
ever, several possible causes are as follows: (1) It has 
been suggested that estrogen at this point in the cycle 
has a peculiar positive feedback effect to stimulate pitui¬ 
tary secretion of the gonadotropins; this is in sharp 
contrast to its normal negative feedback effect that 
occurs during the remainder of the female monthly 
cycle. (2) The granulosa cells of the follicles begin to 
secrete small but increasing quantities of progesterone 
a day or so prior to the preovulatory LH surge, and it 
has been suggested that this might be the factor that 
stimulates the excess LH secretion. 

Without this normal preovulatory surge of LH, ovu¬ 
lation will not occur. 


FEEDBACK OSCILLATIOiY OF THE 

HVPOTHALAMIC-PITUITARY-OVARIAy 

SYSTEM 

Now, after discussing much of the known information 
about the interrelationships of the different compo¬ 
nents of the female hormonal system, we can digress 
from the area of proven fact into the realm of specula¬ 
tion and attempt to explain the feedback oscillation 
that controls the rhythm of the female sexual cycle. It 
seems to operate in approximately the following se¬ 
quence of three successive events: 

1. The Postovulatory Secretion of the Ovarian 
Hormones and Depression of Gonadotropins. The 
easiest part of the cycle to explain is the events that 
occur during the postovulatory phase — between ovu¬ 
lation and the beginning of menstruation. During this 
time the corpus luteum secretes large quantities of both 
progesterone and estrogen and probably the hormone 
inhibin as well. All these hormones together have a 
combined negative feedback effect on the anterior pi¬ 
tuitary gland and the hypothalamus to cause suppres¬ 
sion of both FSH and LH, decreasing these to their 
lowest levels at about three to four days before the 
onset of menstruation. These effects are illustrated in 
Figure 29-5. 

2. The Follicular Growth Phase. Two to 3 days 
before menstruation the corpus luteum involutes, and 
the secretion of estrogen, progesterone, and inhibin 
decreases to a low ebb. This releases the hypothalamus 
and anterior pituitary from the feedback effect of these 
hormones; and a day or so later, at about the time that 
menstruation begins, FSH increases as much as two¬ 
fold; then several days after menstruation begins, LH 
secretion increases as much as twofold as well. These 
hormones initiate new follicular growth and progres¬ 
sive increase in the secretion of estrogen, reaching a 
peak estrogen secretion at about 12.5 to 13 days after 
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the onset of menstruation. During the first 11 to 12 
days of this follicular growth the rates of secretion of 
the gonadotropins FSH and LH decrease very slightly 
because of the negative feedback effect mainly of es¬ 
trogen on the anterior pituitary gland. Then comes a 
sudden increase in secretion of both of these hor¬ 
mones, leading to the preovulatory surge of LH, fol¬ 
lowed by ovulation. 

3. Preovulatory Surge of LH and FSH; Ovulation. 
At approximately 11.5 to 12 days after the onset of 
menstruation, the decline in secretion of FSH and LH 
comes to an abrupt halt. It is believed that the high 
level of estrogens at this time (or the beginning secre¬ 
tion of progesterone by the follicles) causes a positive 
feedback effect principally on the anterior pituitary, as 
explained earlier, which leads to a terrific surge of se¬ 
cretion of LH and to a lesser extent of FSH. Whatever 
the cause of this preovulatory LH and FSH surge, the 
LH leads to both ovulation and subsequent secretion 
by the corpus luteum. Thus, the hormonal system 
begins a new round of the cycle until the next ovula¬ 
tion. 


PUBERTY AJYD HEIMAMCHE 

Puberty means the onset of adult sexual life, and men- 
arche means the onset of menstruation. The period of 
puberty is caused by a gradual increase in gonadotro¬ 
pic hormone secretion by the pituitary, beginning ap¬ 
proximately in the eighth year of life and usually cul¬ 
minating in the onset of menstruation between the 
ages of 11 and 16 years (average, 13 years). 

In the female, as in the male, the infantile pituitary 
gland and ovaries are capable of full function if appro¬ 
priately stimulated. However, as is also true in the 
male and for reasons not yet understood, the hypo¬ 
thalamus does not secrete significant quantities of 
GnRH during childhood. Experiments have shown 
that the hypothalamus itself is perfectly capable of 
secreting this hormone, but there is lack of the appro¬ 
priate signal from some other brain area to cause the 
secretion. Therefore, it is now believed that the onset 
of puberty is initiated by some maturation process oc¬ 
curring elsewhere in the brain, perhaps somewhere in 
the limbic system. 

Figure 29-6 illustrates (1) the increasing levels of 
estrogen secretion at puberty, (2) the cyclic variation 
during the monthly sexual cycles, (3) the further in¬ 
crease in estrogen secretion during the first few years 
of reproductive life, (4) then progressive decrease in 
estrogen secretion toward the end of reproductive life, 
and (5) finally almost no estrogen secretion beyond the 
menopause. 


THE HEYOPAUSE 

At the age of 40 to 50 years the sexual cycles usually 
become irregular, and ovulation fails to occur during 
many of the cycles. After a few months to a few years. 
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Figure 29-6. Estrogen secretion throughout sexual life. 


the cycles cease altogether, as illustrated in Figure 
29-6. This period during which the cycles cease and 
the female sex hormones diminish rapidly to almost 
none at all is called the menopause. 

The cause of the menopause is "burning out" of the 
ovaries. Throughout a woman's reproductive life 
about 400 of the primordial follicles grow into vesicu¬ 
lar follicles and ovulate, while literally hundreds of 
thousands of the ova degenerate. At the age of about 
45 years only a few primordial follicles still remain to 
be stimulated by FSH and LH, and the production of 
estrogens by the ovary decreases as the number of 
primordial follicles approaches zero (also illustrated in 
Figure 29-6). When estrogen production falls below a 
critical value, the estrogens can no longer inhibit the 
production of FSH and LH; nor can they cause an 
ovulatory surge of LH and FSH to cause ovulatory 
cycles. 


■ THE MALE SEXUAL ACT 

\EUROiVAL STHtULUS FOR 

perforuAjYCe of the male 

SEXUAL ACT 

The most important source of impulses for initiating 
the male sexual act is the glans penis, for the glans 
contains an especially sensitive sensory end-organ 
system that transmits into the central nervous system 
that special modality of sensation called sexual sensa¬ 
tion. The massaging action of intercourse on the glans 
stimulates the sensory end-organs, and the sexual sen¬ 
sations in turn pass through the pudendal nerve, 
thence through the sacral plexus into the sacral portion 
of the spinal cord, and finally up the cord to undefined 
areas of the cerebrum. Impulses may also enter the 
spinal cord from areas adjacent to the penis to aid in 
stimulating the sexual act. For instance, stimulation of 
the anal epithelium, the scrotum, and perineal struc¬ 
tures in general can all send signals into the cord that 
add to the sexual sensation. Sexual sensations can even 
originate in internal structures, such as irritated areas 
of the urethra, the bladder, the prostate, the seminal 
vesicles, the testes, and the vas deferens. Indeed, one 
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of the causes of "sexual drive" is filling of the sexual 
organs with secretions. Infection and inflammation of 
these sexual organs sometimes cause almost continual 
sexual desire, and "aphrodisiac" drugs, such as can- 
tharides, increase the sexual desire by irritating the 
bladder and urethral mucosa. 

The Psychic Element of Male Sexual Stimulation. 
Appropriate psychic stimuli can greatly enhance the 
abilit}^ of a person to perform the sexual act. Simply 
thinking sexual thoughts or even dreaming that the act 
of intercourse is being performed can cause the male 
sexual act to occur and to culminate in ejaculation. 
Indeed, nocturnal emissions during dreams occur in 
many males during some stages of sexual life, espe¬ 
cially during the teens. 

Integration of the Male Sexual Act in the Spinal 
Cord. Though psychic factors usually play an impor¬ 
tant part in the male sexual act and can actually initiate 
or inhibit it, the cerebrum is probably not absolutely 
necessary^ for its performance, because appropriate 
genital stimulation can cause ejaculation in some ani¬ 
mals and occasionally in a human being after their 
spinal cords have been cut above the lumbar region. 
Therefore, the male sexual act results from inherent 
reflex mechanisms integrated in the sacral and lumbar 
spinal cord, and these mechanisms can be initiated by 
either psychic stimulation or actual sexual stimulation 
but most likely a combination of both. 


STAGES OF THE HALE SEXUAL ACT 

Erection; Role of the Parasympathetic Nerves. 
Erection is the first effect of male sexual stimulation, 
and the degree of erection is proportional to the degree 
of stimulation, whether psychic or physical. 

Erection is caused by parasympathetic impulses that 
pass from the sacral portion of the spinal cord through 
the nervi ententes to the penis. These paras\Tnpathetic 
impulses dilate the arteries of the penis, thus allowing 
arterial blood to build up under high pressure in the 
erectile tissue of the corpus cavernosum and corpus 
spongiosum in the shaft of the penis, illustrated in Fig¬ 
ure 29-7. This erectile tissue is nothing more than 
large, cavernous, venous sinusoids, which are nor¬ 
mally relatively empt}^ but which become dilated tre¬ 
mendously when arterial blood flows rapidly into 
them under pressure, since the venous outflow is par¬ 
tially occluded. Also, the erectile bodies, especially the 
two corpora cavernosa, are surrounded by strong fi¬ 
brous coats; therefore, high pressure within the 
sinusoids causes ballooning of the erectile tissue to 
such an extent that the penis becomes hard and elon¬ 
gated. 

Lubrication, a Parasympathetic Function. During 
sexual stimulation, the parasympathetic impulses, in 
addition to promoting erection, cause the urethral 
glands and the bulbourethral glands to secrete mucus. 
This mucus flows through the urethra during inter¬ 
course to aid in the lubrication of coitus. However, 



Figure 29-7. Erectile tissue of the penis. 


most of the lubrication of coitus is provided by the 
female sexual organs rather than by the male. Without 
satisfactory" lubrication, the male sexual act is rarely 
successful because unlubricated intercourse causes 
grating, painful sensations that inhibit rather than ex¬ 
cite sexual sensations. 

Emission and Ejaculation; Function of the Sympa¬ 
thetic Nerves. Emission and ejaculation are the culmi¬ 
nation of the male sexual act. When the sexual stimu¬ 
lus becomes extremely intense, the reflex centers of the 
spinal cord begin to emit sympathetic impulses that 
leave the cord at L-1 and L-2 and pass to the genital 
organs through the hypogastric and pelvic plexuses to 
initiate emission, the forerunner of ejaculation. 

Emission begins with contraction of the vas deferens 
and the ampulla to cause expulsion of sperm into the 
internal urethra. Then, contractions of the muscular 
coat of the prostate gland follow^ed finally by contrac¬ 
tion of the seminal vesicles expel prostatic fluid and 
seminal fluid, forcing the sperm forward. All of these 
fluids mix in the internal urethra with the mucus al¬ 
ready secreted by the bulbourethral glands to form the 
semen. The process to this point is emission. 

The filling of the internal urethra then elicits sensorv" 
signals that are transmitted through the pudendal 
nerves to the sacral regions of the cord, giving the 
feeling of sudden fullness in the internal genital 
organs. Also, these sensorv" signals further excite the 
rhythmic contraction of the internal genital organs and 
also cause contraction of the ischiocavemosus and 
bulbocav"emosus muscles that compress the bases of 
the penile erectile tissue. These effects together cause 
rhythmic, wavelike increases in pressure in the genital 
ducts and urethra, which "ejaculate" the semen from 
the urethra to the exterior. The process is called ejacula¬ 
tion. At the same time, rhythmic contractions of the 
pelvic muscles and even of some of the muscles of the 
body trunk cause thrusting movements of the pelvis 
and penis, which also help propel the semen into the 
deepest recesses of the vagina and perhaps even 
slightly into the cervix of the uterus. 

This entire period of emission and ejaculation is 
called the male orgasm. At its termination, the male 
sexual excitement disappears almost entirely within 1 
to 2 min, and erection ceases. 
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m THE FEMALE SEXUAL ACT 

Stimulation of the Female Sexual Act. As is true in 
the male sexual act, successful performance of the fe¬ 
male sexual act depends on both psychic stimulation 
and local sexual stimulation. 

As is also true in the male, the thinking of erotic 
thoughts can lead to female sexual desire, and this aids 
greatly in the performance of the female sexual act. 
Such desire is probably based as much on one's back¬ 
ground training as on physiological drive, though sex¬ 
ual desire does increase in proportion to the level of 
secretion of the sex hormones. Desire also changes 
during the sexual month, reaching a peak near the time 
of ovulation, probably because of the high levels of 
estrogen secretion during the preovulatory period. 

Local sexual stimulation in women occurs in more or 
less the same manner as in men, for massage, irritation, 
or other types of stimulation of the vulva, vagina, and 
other perineal regions, and even of the urinary tract, 
create sexual sensations. The glans of the clitoris is 
especially sensitive for initiating sexual sensations. As 
in the male, the sexual sensory signals are mediated to 
the sacral segments of the spinal cord through the pu¬ 
dendal nerve and sacral plexus. Once these signals 
have entered the spinal cord, they are transmitted 
thence to the cerebrum. Also, local reflexes integrated 
in the sacral and lumbar spinal cord are at least partly 
responsible for female sexual reactions. 

Female Erection and Lubrication. Located around 
the introitus and extending into the clitoris is erectile 
tissue almost identical with the erectile tissue of the 
penis. This erectile tissue, like that of the penis, is con¬ 
trolled by the parasympathetic nerves that pass 
through the nervi erigentes from the sacral plexus to 
the external genitalia. In the early phases of sexual 
stimulation, parasympathetic signals dilate the arteries 
of the erectile tissues, and this allows rapid accumula¬ 
tion of blood in the erectile tissue so that the introitus 
tightens around the penis; this aids the male greatly in 
his attainment of sufficient sexual stimulation for ejac¬ 
ulation to occur. 

Parasympathetic signals also pass to the bilateral 
Bartholin's glands located beneath the labia minora to 
cause secretion of mucus immediately inside the in¬ 
troitus. This mucus is responsible for much of the lu¬ 
brication during sexual intercourse, though much is 
also provided by mucus secreted by the vaginal epithe¬ 
lium as well and a small amount from the male urethral 
glands. The lubrication in turn is necessary for estab¬ 
lishing during intercourse a satisfactory massaging 
sensation rather than an irritative sensation, which 
may be provoked by a dry vagina. A massaging sensa¬ 
tion constitutes the optimal type of sensation for evok¬ 
ing the appropriate reflexes that culminate in both the 
male and female climaxes. 

The Female Orgasm. When local sexual stimulation 
reaches maximum intensity, and especially when the 
local sensations are supported by appropriate psychic 
conditioning signals from the cerebrum, reflexes are 


initiated that cause the female orgasm, also called the 
female climax. The female orgasm is analogous to emis¬ 
sion and ejaculation in the male, and it perhaps helps 
promote fertilization of the ovum. Indeed, the human 
female is known to be somewhat more fertile when 
inseminated by normal sexual intercourse rather than 
by artificial methods, thus indicating an important 
function of the female orgasm. Possible reasons for 
this are as follows: 

First, during the orgasm the perineal muscles of the 
female contract rhythmically, which results from spi¬ 
nal cord reflexes similar to those that cause ejaculation 
in the male. It is possible that these same reflexes in¬ 
crease uterine and fallopian tube motility during the 
orgasm, thus helping transport the sperm toward the 
ovum, but information on this subject is scanty. Also, 
the orgasm seems to cause dilation of the cervical canal 
for up to half an hour, thus allowing easy transport of 
the sperm. 

Second, in many lower animals, copulation causes 
the posterior pituitary gland to secrete oxytocin; this 
effect is probably mediated through the amygdaloid 
nuclei and then through the hypothalamus to the pitu¬ 
itary. The oxytocin in turn causes increased rhythmical 
contractions of the uterus, which have been postulated 
to cause rapid transport of the sperm. Sperm have been 
shown to traverse the entire length of the fallopian 
tube in the cow in approximately 5 min, a rate at least 
10 times as fast as that which the swimming motions of 
the sperm themselves could possibly achieve. Whether 
or not this occurs in the human female is unknown. 

In addition to the possible effects of the orgasm on 
fertilization, the intense sexual sensations that develop 
during the orgasm also pass to the cerebrum and cause 
intense muscle tension throughout the body. But after 
culmination of the sexual act, this gives way during the 
succeeding minutes to a sense of satisfaction character¬ 
ized by relaxed peacefulness, an effect called resolu¬ 
tion. 
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Adductor muscles, innervation of, 48(t), 52(t) 
Adenosine diphosphate (ADP), in muscle 
contraction, 300 

rephosphorylation to ATP of, 305-306 
Adenosine monophosphate (AMP), cyclic, 
formation of, 277 
in memor>^ 250, 250 

Adenosine triphosphate (ATP), in muscle 
contraction, 296 
as energy' source, 300 
rephosphorylation of, 305-306 
Adenylate cyclase, in formation of cAMP, 
277 

in memory, 250, 250 
Adrenal medullae, function of, 279-280 
in sympathetic nervous system, 280 
relationship to sympathetic vasoconstric¬ 
tor system of, 333 
secretions of, effects of autonomic 
stimulation on, 278(t) 
sympathetic nerve endings in, 274 
Adrenergic activitv, pharmacologic block of, 
283 

Adrenergic fibers, norepinephrine secretion 
by, 275-276 

norepinephrine synthesis in, 276 
Adrenergic receptors, alpha, 277, 277(t) 
beta, 277, 277(t) 
functions of, 277, 277(t) 
pharmacologic stimulation of, 283 
Adrenergics, 283 

Adrenocortical hormones, control of, by 
adrenocorticotropin, 368 
Adrenocorticotropin, adrenocortical 
hormonal control by, 368 
secretion of, by anterior pituitary, 366 
Afterdischarge, reverberatory (oscillatory) 
circuit as cause of, 110, 110-111 
synaptic, 110 

Afterpotential, "positive," 73 
Aggression, effect of prefrontal lobotomy 
on, 246 

Akinesia, in Parkinson's disease, 237 
Alarm reaction, arterial pressure increases 
in, 334 

of sympathetic nervous system, 281 
Albino, retinal abnormality of, 154 
Albuterol, betaj receptor stimulation by, 283 
Alcohol, headache from, 136 
Alcoholism, pupillary reflexes in, 176 
Aldosterone, function of, 368 
Alkalosis, effect on svnaptic transmission 
of, 100 

All-or-nothing principle, in action potential, 
75 

Alpha receptors, 277, 277(t) 

Alpha waves. See Brain waves, alpha. 
Alveolar ventilation, effect of carbon diox¬ 
ide and hydrogen ion concentration on, 
344, 344 

Alzheimer's disease, loss of acetylcholine- 
secreting neurons and, 272 
Ambenonium, parasympathetic potentiating 
effect of, 284 

Amines, as neurotransmitters, 91(t), 92 
Amino acids, as neurotransmitters, 91(t), 92 
effect on hunger and feeding of, 356 
sodium co-transport of, 64 
Amnesia, anterograde, hippocampal lesions 
and, 252 

memory and. See Memory. 
retrograde, 252-253 


Amorphosynthesis, 120 
Amphetamine, norepinephrine release bv, 
283 

Amplification, 109, 109 
Ampulla, endolymph flow in, 219, 219 
Amygdala, anatomy of, 20(t), 22 
as part of basal ganglia, 17, 18 
basolateral nuclei of, role in behavior of, 
262 

bilateral ablation of, effects of, 262 
feeding control by, 356 
functions of, 20(t), 262 
punishment centers of, 261 
relationship to hypothalamus of, 257, 258 
stimulation of, effects of, 262 
vasomotor center control by, 333 
Amvgdaloid nuclei, in lateral olfactory area, 
^193 

Anal sphincter, external, innervation of, 52(t) 
in control of defecation, 352 
Analgesia system, of brain and spinal cord, 
131, 131-132 

Anesthesia, spinal, effect on arterial 
pressure of, 332, 332-333 
Anesthetics, effect on synaptic transmission 
of, 100 

local, effect on action potentials of, 79 
Angiotensin, effect on smooth muscle 
contraction of, 317 
Angular gyrus, dominance of, 245 
interpretative functions of, in communi¬ 
cation, 247, 248 

in processing visual information, 244 
Animal(s), experimental, in spinal cord 
reflexes study, 197 
Anion(s), in action potential, 73 
Annulospiral ending, 199, 199-200 
Anterior commissure, anatomy of, 11 -12,13 
function of, in information transmission, 
248 

Anterolateral system, anatomy of, 117, 124, 
124 

dorsal column-lemniscal system vs., 116 
sensory transmission in, 123-124 
characteristics of, 124 
types of, 117 

Anticholinesterase drugs, 283-284 
for myasthenia gravis, 311 
Antidiuretic center, 337 
Antidiuretic hormone (ADH), function of, 
369-370 

in control of extracellular fluid osmolalitv, 
337-339,338 

thirst mechanism and, 340, 340-341 
in control of sodium concentration, 
337-339, 338 

thirst mechanism and, 340, 340-341 
secretion of, by hypothalamus, 259 
by posterior pituitary, 366, 369 
car^ovascular reflexes in, 340, 

340-341 

osmoreceptor excitation and, 338-339 
smooth muscle contraction effects of, 

317 

Antigravity muscles, excitation of, vestibu¬ 
lar nuclei in, 216, 217 
Antipyretics, 363 

Aortic body(ies), chemoreceptors of, 336, 
344-345, 345 

Aperture(s), of fourth ventricle, 35, 36 
Aphagja, 355 

Aphasia, auditory and visual, 246 
global, 246 

motor, Broca's area damage and, 248 
Wernicke's, 246 


Apocrine glands, effects of autonomic 
stimulation on, 278(t), 279 
Appendix, pain transmission from, parietal 
pathways of, 134, 134 
visceral pathways of, 134, 134 
Appetite, autonomic control of, 281 
definition of, 355 
hypothalamic regulation of, 260 
in control of food selection, 350 
Aqueduct of Sylvius. See Cerebral aqueduct. 
Aqueous humor, formation by ciliary body 
of, 150, 150 

outflow of, 150-151, 150-151 
Arachnoid, anatomy of, 36, 36-37 
Arachnoidal granulations, 288 
Arachnoidal villi, anatomy of, 36-37, 37 
CSF flow through, 288-289 
regulation of CSF pressure by, 289 
Arcuate fasciculus, in communication, 247, 
248 

Arm muscles, innervation of, 48(t), 49, 50 
Arterial pressure, control of, autonomic 
nerv'ous system in, 281 
baroreceptor reflexes in, 334-335, 
334-336 

carotid and aortic chemoreceptors in, 
336-337 

CNS ischemic response in, 337 
long-term, unimportance of barorecep¬ 
tor system in, 336 

nerv'ous system in, 333-337, 334-336 
rapidity of, 333 

reflex mechanisms for, 334-335, 
334-337 

decreases in, barorecepter excitation and, 
335 

effect of oxygen lack on, 336-337 
effect of spinal anesthesia on, 332, 332- 

333 

effect of sympathetic and parasympa¬ 
thetic stimulation on, 278(t), 279 
frequency distribution of, 335-336, 336 
increases in, during exercise and stress, 

334 

relationship to cerebral blood flow of, 

286, 287 

Arteriole(s), constriction of, in arterial 
pressure control, 333 

svstemic, effects of autonomic stimulation 
on, 278(t), 279 

Articulation, brain control of, 248 
Astereognosis, 120 
Astigmatism, 147, 147 

lens correction of, 147, 147-148 
Ataxia, 233 
Athetosis, 235 
Atria, 321 

Atrial muscle, cardiac impulse transmission 
through, intemodal pathways and, 
324-325, 325 
Atrial syncytium, 321 
Atrioventricular node. See A-V node. 
Atrophy, muscular, 307 
Atropine, cholinergic activity blocking bv, 
284 

Attenuation reflex, function in sound 
transmission of, 178 

Audiometer, in assessing hearing disabili¬ 
ties, 186, 186 

Auditory area, of cerebral cortex, 15(t), 16,17 
Auditory association areas, lesions of, effect 
on hearing of, 185 

of cerebral cortex, function of, 15(t), 16, 17 
Auditory cortex, 184, 184 
anatomy of, 184, 184 
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Auditory cortex (Continued) 

discrimination of sound "patterns" by, 
184-185 

primary, 184, 184 

destruction of, effect on hearing of, 185 
sound frequency perception in, 184, 184 
tonotopic maps in, 184 
retrograde pathways of, to cochlea, 185 
secondary, 184, 184 
spatial representations of sound 
frequencies in, 183 
Auditory meatus, innervation of, 43 
Auditory mechanisms, central, 183, 183-185 
Auditory nerve, destruction of, deafness 
from, 186, 186 

impulses of, synchronization with sound 
frequencies of, 183-184 
Auditory pathway, 183, 183-184 
nerve fiber firing rates in, at different 
levels, 183-184 
Auditory radiation, 183 
Auerbach's plexus, 348, 349 
Auricular nerves, greater, anatomy of, 47, 48 
Autonomic nerv es, of eyes, 175, 175 
Autonomic nerv^ous system, 86 
circulation control by, 330-333, 331 -332 
general organization of, 273-275, 
274-275 

in transmission of visceral pain, 133 
medullary control of, 282-283, 283 
mesencephalic control of, 282-283, 283 
nerv'e endings of, secretion of acetylcho¬ 
line and norepinephrine at, 275-276 
pharmacology of, 283-284 
pontine control of, 282-283, 283 
stimulation of, effect on bodv organs of, 
278(t) 

frequency required for, 280 
Autonomic reflexes, 281 
cardiovascular, 281 
gastrointestinal, 281 
spinal, 207-208 
A-V block, 327 
A-V bundle, 323, 323 
branches of, 325, 326 
one-w'ay conduction through, 325, 326 
penetrating portion of, 325, 325 
A-V node, 323, 323 
discharge rate of, 327 
hyperpolarization in, effects of, 328 
impulse conduction delay by, 325, 325 
organization of, 324-325, 325 
transitional fibers of, 325, 325 
Axon(s), 89, 89 
function of, 4, 5 
structure of, 4, 5, 77, 78 
s>mapses of. See Synap$e($). 

Axon hillock, anatomy of, 5, 5 
Axon terminals. See also Presynaptic 
terminal(s). 

of smooth muscle fibers, physiologic 
anatomy of, 308, 309 
secretion of acetvlcholine by, 308-311, 
309-310 

varicosities of, 315, 315 
Axoplasm, 77, 78 


Babinski sign, corticospinal tract assessment 
with, 215 

Baroreceptor(s), adaptation of, 335 
function of, during postural changes, 335 
innervation of, 334, 334 
physiologic anatomy of, 334, 334 


Baroreceptor(s) (Continued) 
reflex initiated by, 335 
"resetting" of, 336 

response to arterial pressure of, 334-335, 
335 

Baroreceptor reflexes, 281 
arterial, effect on ADH-thirst control 
mechanism of, 340, 340-341 
arterial pressure control by, 334-335, 
334-336 

initiation of, 335-336, 335-336 
Baroreceptor system, "buffer" function of, 
335-336, 336 

unimportance in long-term arterial 
pressure regulation of, 336 
Basal ganglia, anatomic relationships of, to 
cerebral cortex and thalamus, 233, 234 
to hypothalamus, 257, 258 
to thalamus, 18, 16 

anatomy of, 14, 15(t), 17-18, 17-18, 20 
caudate circuit through, 235, 236 
damage to, clinical syndromes resulting 
from, 237-238' 
functions of, 14, 15(t), 18-19 
in articulation, 248 

in control of gamma efferent system, 202 
in control of motor pattern sequences, 

235, 236 

lesions of, muscle spasm from, 215 
motor functions of, 233-237, 234-237, 
238-239 

in executing motor activity patterns, 
234-235, 235 

motor portions of, 233-234 
neuronal circuitiy' of, 233-234, 235 
relation to corticospinal-cerebellar 
movement control system of, 234 
neurotransmitters in, functions of, 
236-237, 237 

putamen circuit through, for executing 
patterns of movement, 235, 235-235 
scaling functions of, 236, 236 
timing functions of, 236, 236 
Basal lamina, acetylcholinesterase attach¬ 
ment to, 308, 310 
Basilar membrane, 178, 178-179 
resonance in cochlea and, 179 
sound transmission through, background 
signal in, 183-184 
sound w’aves in, 179-180, 180 
vibration of, amplitude pattern of, 180, 180 
for different sound frequencies, 180, 180 
hair cell excitation from, 181, 181 
Basket cells, 228 

Bathorhodopsin, production of, 156 
Behavior, cerebral mechanisms of, 254-264 
control of, 254 

effect of limbic cortical ablation on, 
263-264 

effect of prefrontal lobotomy on, 246 
hypothalamic control of, 260 
limbic cortex in, 242, 243, 263-264 
reward and punishment in, 261 
Beta receptors, 277, 277(t) 

Beta waves. See Brain waves, beta. 

Betz cells, 212 

Biceps brachii, innerv’ation of, 48(t), 50 
Biceps femoris, innerv'ation of, 52(t) 

Bile ducts, pain sensitivity of, 133 
Bladder, atonic, 360 
automatic, 360 

effects of autonomic stimulation on, 278(t) 
emptying of, autonomic control of, 281 
innerv'ation of, 356, 359 
pain from, 133 


Bladder (Continued) 

physiologic anatomy of, 356, 358-359 
sphincter of, 356, 358-359 
tabetic, 360 

Blindness, color. See Color blindness. 
night, 156 

Blood flow, cerebral, 285-287, 286-287. 

See also Cerebral blood flow. 

Blood vessels, continuous partial constric¬ 
tion of, by sympathetic vasoconstrictor 
tone, 332,332-333 
effects of autonomic stimulation on, 
278(t), 279 

peripheral, occlusion of, CNS ischemic 
response and, 337 

sympathetic innervation of, 330, 331 
Blood-brain barrier, 289-290 
Blood-cerebrospinal fluid barrier, 289-290 
Body', axial tone of, maintenance of, 
hindbrain in, 238 

functions of, effect of sympathetic and 
parasympathetic stimulation on, 
278(t), 279 

projection in somatic sensory area 1 of, 
118-119,119 

spatial coordinates of, cerebral area for, 
242-243 

support against grav'ity of, reticular and 
vestibular nuclei in, 216, 216-217 
vegetative functions of, 295 
Body fluids. See also Extracellular fluid. 
osmolality of, nervous control of, 
337-341,336, 340 

Body movement. See also Equilibrium. 
learning of, Purkinje cell sensitivitv in, 
229-230 
stereotyped, 222 

Body temperature, effect of atmospheric 
temperature on, 360, 360 
increasing of, mechanisms for, 362 
reduction of, mechanisms for, 361, 361 
regulation of, abnormalities of, 363 
feedback gain for, 363 
hypothalamus in, 359-360, 360 
posterior, 361 

neuronal effector mechanisms in, 361, 
361-362 

"set-point" concept of, 362-363 
skin and deep bodv tissue receptors in, 
361 

Body water, hv'pothalamic regulation of, 

259 ' 

nerv'ous control of, 337-341, 336, 340 
transport of, 59 

Bone, sound transmission through, 178 
Boutons. See Presynaptic terminal(s). 

Brachial plexus, anatomv of, 46, 47, 48, 49, 
50, 52 

branches of, muscles innervated by, 48(t) 
Brachialis, innervation of, 48(t) 
Brachioradialis, innerv'ation of, 48(t) 
Bradvkinin, as cause of tissue damage pain, 
128 

Brain, activating-driving svstems of, 
254-257,255-256 
activity of, effect on EEG of, 269, 269 
neurohormonal control of, 255-257, 
256 

anatomy of, 3, 4, 6 

appetite area of, in saliv'ation regulation, 
353-354 

"AV3V region" of, fluid osmolality 
control by, 338, 336 
behavioral functions of, 254-264 
blood barrier with, 289-290 
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Brain (Continued) 

blood flow in, 285-287, 286-287. See 
also Cerebral blood flow. 
blood vessels in, 36-37, 36-37 
bulboreticular fadlitory area of, 254, 255 
capillaries in, 287 

divisions of. See also specific anatomic 
part. 

basal view of, 11, 13 
lateral view’ of, 11, 12 
sagittal view of, 11, 13 
terminolog)' for, 11, 14(t) 
dominant hemisphere concept of, 
244-245 
edema of, 290 

fluid space surrounding, 35-38, 37 
function of, 3 

in communication, 246-248, 247 
glucose availability to, 291 
higher (cortical), functions of, 88 
in controlling ventilation rate, 346 
learned responses in, 346-347 
in memor\' processing, 252-253 
in muscle control, 197 
in nervous regulation of circulation, 332 
interstitial fluid of, diffusion of CSF into, 
290 

limbic system of, 239 
lower, functions of, 88 
meningeal coverings of, 35-38, 37 
metabolism of, 290-291 
anaerobic, 291 
total rate of, 290 
micturition control by, 359 
motivational systems in, 239 
neurohormonal systems in, 256, 256-257 
neurons of, metabolic rate of, 290 
olfactory structures of, 193 
opiate system of, 131-132 
oxygen requirements of, 290-291 
pain control system in, 132, 131-132 
pathways of, for spoken and vuitten 
word, 246, 247 

reflex activation by, patterns of, 215 
trauma to, contrecoup phenomenon in, 
288 

tumors of, CSF in, 289 
fever from, 363 
vegetative functions of, 257 
ventricular system in, anatomy of, 35, 
36-37 

Brain stem, auditory pathways in, 183 
autonomic control areas of, 282-283, 283 
bulboreticular fadlitory region of, in 

control of gamma efferent system, 202 
divisions of, 25, 27(t) 
fiber tracts of, 25 
functions of, 25 

gastrointestinal reflexes and, 349 
gross anatomy of, 25-26, 26-28, 27(t), 
28-29 

in controlling posture and equilibium, 

230, 238 

lower, autonomic centers of, control by 
higher areas of, 283 
inhibitory reticular area of, 255, 255 
motor function control by, 215-217, 216 
motor nuclei of, 39, 41 
neospinothalamic tract termination in, 
129-130 

nerv’e signals from, cerebral activation by, 
254 

nuclei of, in controlling stereot^’ped 
movements, 222 
relatiortship of cerebellum to, 30 


Brain stem (Continued) 

reticular activating system of, auditory 
mechanisms of, 183 

reticular exdtatory area of, 254-255, 255 
acetylcholine secretion by, 257 
exdtation of, 255 

reticular substance of, motor cortex fiber 
passage through, 212 
sensory nuclei of, 39, 41, 42 
termination of slow-chronic pain signals 
in, 129, 130 

transmission of pain signals through, 
dual pathways for, 129, 129 
vestibular nuclei of, motor cortex fiber 
passage through, 212 
Brain waves, alpha, 268, 268 

effect of opening eyes on, 268, 268 
origin of, 268-269 
quiet wakefulness and, 269, 269 
beta, 268, 268 

alert wakefulness and, 269, 269 
cerebral origin of, 268-269 
delta, 268, 268 
origin of, 269 
sleep and, 269, 269 
theta, 268, 268 
tv’pes of, 267-268, 268 
Broca's area, 242 

destruction of, effect on speech of, 211, 
211, 248 

location and function of, 15(t), 16, 16 
word formation function of, 242, 243 
Brodmann's areas, 118,118, 169 
of involuntary fixation mechanism, 172 
Bronchi, pain sensitivity of, 133 
Brow’n-S^uard syndrome, sensation loss 
in, 135, 135 ' 

Buffer nerves, 335 

Bulboreticular fadlitory area, 254, 255 


Caffeine, effect on synaptic transmission of, 
100 

Calcarine fissure area, of primary visual 
cortex, 168, 168 
Calcarine sulcus, 13, 14 
Caldum channels, in cardiac action 
potential, 322 

in generating smooth muscle action 
potential, 316 
in smooth muscle, 73 
slow, in cardiac action potential, 324 
voltage-gated, 73 

Caldum ions, actin filament activation bv, 
299-300 

as "stabilizers" of membrane exdtabilitv, 
79 

concentration of, effect on smooth muscle 
contraction of, 318 

effect on sodium channel activation of, 
73-74 

effect on svTiaptic transmission of, 100 
effect on troponin-tropomvosin complex 
of, 299-300 

exdtatorv "pulse" of, in skeletal muscle 
fiber, 304 

in acetylcholine release, 308-309, 309 
in action potential, 73-74 
in cardiac muscle contraction, 322-323 
in muscle contraction, 297-298 
in smooth muscle contraction, 314, 317 
in transmitter release at presynaptic 
terminal, 90 


Caldum ions (Continued) 

release of, by sarcoplasmic reticulum, 
303-304, 304 
transport of, 64 
Caldum pump, 64 
in actional potential, 73 
in smooth muscle contraction, 318 
removal of caldum ions by, from sarco¬ 
plasmic fluid, 303-304 
Caldum-potassium channels, in action 
potential, 73 

Caldum-sodium channels, in cardiac action 
potential, 322, 324 

Calmodulin, combination with caldum ions 
of, in smooth muscle contraction, 314 
Calsequestrin, caldum binding by, 303-304 
Cancer, of fadal nerve, 43 
Capillaries, cerebral, 287 
Carbachol, muscle fiber stimulation by, 311 
Carbon dioxide, blood levels of, effect on 
alveolar ventilation of, 344, 344 
effect on stimulating chemosensitive 
areas of, 343, 343-344 
concentration of, cerebral blood flow 
regulation by, 285, 286 
effect on chemoreceptor activity of, 345 
Cardiac impulse, conduction of, effect of 
A-V node hj’perpolarization on, 328 
in Purkinje fibers, 325, 325-326 
in ventricular muscle, 326 
safety factor for, 328 
through atria, delay and, 325, 325 
intemodal pathw’avs and, 324-325, 
325 

time interv’als in, 326, 326-327 
Cardiac muscle, action potentials in, 321 - 
322, 321-322 
plateaus in, 76, 76 
as svmcv'tium, 320-321, 323 
conduction of, velodty of, 322 
contraction of, 320, 322-323 
duration of, 323 

exdtation-contraction coupling in, 
322-323 

physiologic anatomy of, 320-321, 322 
physiologv’ of, 320-323, 321-322 
refractory period of, 322, 322 
types of, 320 
Cardiac plexus, 44, 45 
Cardiovascular reflex, effect on ADH-thirst 
control mechanism of, 340, 340-341 
Cardiovascular system, autonomic control 
of, 281 

hv’pothalamic regulation of, 259 
Carotid body(ies), chemoreceptors of, 336, 
344-345, 345 

Carotid sinus, baroreceptors of, 334, 334 
reflexes of, effect on arterial pressure of, 
335, 335 

Carrier wave, of neuronal trartsmission. 111 
Cataracts, 148 

Catechol-O-methyl transferase, 276 
Cathode ray osdlloscope, for recording 
action and membrane potentials, 

79-80, 80 

Cauda equina, 31, 32 
Caudate drcuit, in cognitive control of 
motor pattern sequences, 235, 236 
in timing and scaling of movements, 236, 
236 

Caudate nucleus, 233 
anatomy of, 24, 17, 27-28, 20 
cerebral cortex association areas and, 235 
corticospinal motor control system and, 
neural connections betw’een, 235, 236 
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Caudate nucleus (Continued) 

GABA-secreting neurons in, loss of, 
Huntington's chorea and, 238 
motor cortex fiber passage through, 212 
Cell. See specific type. 

Cell body, neuronal, anatomy of, 5, 5 
structure and function of, 4, 5 
Cell membrane, active transport through, 
diffusion vs., 57-58, 58 
of sodium and potassium ions, 68-69 
as electrical capacitor, 68, 68 
caveoli of, 318, 318 

diffusion through, 58-62, 59(t), 60-61. 
See also Diffusion. 
active transport vs., 57-58, 58 
effect of concentration difference on, 

62, 62 

effect of electrical potential on, 62, 62 
ion concentration outside and inside of, 
57-58, 58 

lipid bilayer of, 57, 58 
permeability of, receptor protein changes 
and, 276 

transport through, mechanisms of, 

57-58, 58 

pathways for, 57, 58 
water transport through, 59 
Central nervous system (CNS), anatomy of, 
3,4 

centrifugal signals from, to lower 
auditory centers, 185 
diseases of, pupillary reflexes in, 176 
effects of sleep and wakefulness on, 267 
functions of, at lower brain level, 88 
at spinal cord level, 87-88 
major levels of, 87-88, 88 
ischemic response of, in regulation of 
arterial pressure, 337 
neurons of, 85, 86 
smell adaptation in, 192 
sympathetic vasoconstrictor system 
control by, 331-333, 332 
synapses of. See Synapse(s). 
transmission of impulses into, from Golgi 
tendon organ, 203 

transmission of pain signals into, dual 
pathways for, 128-131, 129 
transmission of taste signals into, 190, 190 
vestibular nerve connections with, 221, 
221-222 

Central sulcus, anatomy of, 12, 12-13 
function of, 12, 15(t) 

Cerebellar cortex, 30, 32 
afferent inputs to, climbing fiber type, 227 
mossy fiber type, 228 
destruction of, effect on motor function 
of, 232-233 
folia of, 30, 30-31, 227 
functional unit of, 227, 227 
neuronal circuit of, 227, 227-228 
functions of, 27(t) 
inhibitory cells of, 228 
intermediate, control of distal limb 
movements by, 230-231, 231 
layers of, 227, 227 
Purkinje cell of, 227, 227 
somatic sensory projection areas in, 225, 
225 

Cerebellar hemispheres, functions of, 27(t), 
29, 29 

lateral zone of, function of, 232 
Cerebellar nystagmus, 233 
Cerebellar peduncles, function of, 27{t) 
inferior, 26, 28, 30 
middle, 26, 29-30 


Cerebellar peduncles (Continued) 
superior, 19, 26, 28, 29 
function of, 26 

Cerebellum, afferent pathways to, 

225-226, 226 
anatomy of, 12-13, 14, 20 
gross, 29-31, 30-31 
of functional areas, 224-227, 225-227 
surface, 26, 29-30, 30 
anterior lobe of, 29, 29, 224-225, 225 
longitudinal functional divisions of, 
225, 225 

ballistic movement control by, 231-232 
clinical abnormalities of, 232-233 
"damping" function of, 231 
deep nuclei of, 30, 31, 227, 227 
continual firing of, 228 
efferent pathways and, 226-227, 227 
excitation and inhibition of, balance 
between, 227, 228 
functions of, 27(t) 

relationship to cerebellar cortex layers 
of, 225, 227 

efferent pathways of, 227, 227 
extramotor prediction functions of, 232 
flocculonodular lobes of, 224-225, 225 
in equilibrium control, 222 
folds of, 227 

functions of, 27(t), 29, 30-31 
in articulation, 248 
in gamma efferent system, 202 
in learning movements, 229-230 
in movement control, 230 
in movement onset and offset signals, 
228-229, 231, 238 

in postural and equilibrium movments, 

230 

in voluntary muscle control, 230-232, 

231 

input pathways to, 225-226, 226 
intermediate zone of, topographical 
representation of body in, 225, 225 
lesions of, effect on movement control of, 
232 

motor control functions of, 224-233, 238 
coordinating role in, 224 
relationship to stretch reflex in, 238 
role of feedback in, 230-231, 231 
sequencing and monitoring in, 224 
neuronal circuit of, 227, 227-230 
output signals from, 226-227, 227 
planning function of, 232 
posterior lobe of, 29, 29, 224-225, 225 
longitudinal functional divisions of, 
225, 225 

relationship to brain stem of, 30 
structure of, 29, 29 
internal, 30-31, 31 
subcortical white matter of, 30 
timing function of, 232 
vermis zone of, auditory mechanisms of, 
183 

topographical representation of body 
in, 225, 225 

Cerebral activity, effect on cerebral blood 
flow of, 286, 286 
Cerebral aqueduct, 27 
third ventricle connection through, 34, 36 
Cerebral blood flow, autoregulation of, 

relationship of arterial pressure to, 286, 
287 

measurement of, effect of cerebral 
activity on, 286, 286 
microcirculation of, 287 
normal rate of, 285 


Cerebral blood flow (Continued) 
regulation of, 285-287, 286-287 
carbon dioxide concentration and, 285, 
286 

hydrogen ion concentration and, 285, 
286 

metabolic control in, 285-286, 286-287 
oxygen deficiency in, 285-286 
sympathetic nervous system in, 286- 
287 

Cerebral convolutions, anatomy of, 12, 
12-13 

Cerebral cortex. See also Motor cortex; White 
matter. 

activation of, excitatory signals to brain 
stem from, 255 

analysis of body spatial coordinates by, 
242-243 

anatomic relationships of, to basal 
ganglia and thalamus, 233, 234 
to thalamus and lower centers, 
240-241, 241 

anatomy of, 24, 15, 15(t), 19, 29 
association areas of, 242-243, 242-244 
in relation to motor and sensory areas, 
241, 242 
limbic, 242, 243 

parieto-occipitotemporal, 242, 242-243 
functions in nondominant hemi¬ 
sphere of, 245 
prefrontal, 242, 243 

higher intellectual functions of, 
245-246 

auditory area of, location and function of, 
15(t), 26, 17 

basal ganglia and, in timing and scaling 
of movements, 236, 236 
Broca's area of. See Broca's area. 
Brodmann's area of. See Brodmann's areas. 
communication functions of, 246 - 248,24 7 
composition of, 15 

face recognition area of, 243, 243-244 
functional areas of, 15-17, 2 6 
functions of, 24, 15, 15(t) 
in body movement control, 18-19 
in gamma efferent system, 202 
in hearing, 284, 184-185 
in movement onset and offset signals, 
228-229, 231, 238 
motor areas of, 209, 210 
somatic sensory areas of, 209, 220. See 
also Somatic sensory cortex. 
specific areas of, 242 -244, 241 -248, 

247 

as determined by electrical stimula¬ 
tion, 242 
map of, 242 
layers of, 240, 242 
limbic area of. See Limbic cortex. 
naming area of, 243 

neuronal layers of, functions of, 119, 119 
pain perception by, 130 
physiologic anatomy of, 240-241, 242 
posterior parietal, destruction of, timing 
and scaling function loss from, 236, 
236 

prefrontal area of, location and function 
of, 15(t), 26, 17 

premotor area of, 209-210, 210 
location and function of, 15{t), 16, 26 
relationship of thalamus to, 21, 22 
sensory information storage in, 87 
sensory interpretative areas of, 244, 244 
short-term memory area of, location and 
function of, 15(t), 26, 17 
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Cerebral cortex (Continued) 

somatic sensor)' area of. See Somatic 
season/ cortex. 

somesthetic sensory area of, location and 
function of, 15(t), 16, 36 
supplemental motor area of, 2 3 0, 210 - 211 
transmission of pain signals through, 
dual pathways for, 129, 329 
vasomotor center control by, 333 
visual area of, 243 

location and function of, 15(t), 3 6,16 -17 
Wernicke's area of. See Wernicke's area. 
Cerebral fissures, anatomy of, 12, 32-33 
Cerebral hemispheres, anatomy of, 11-12, 
32-34 

dominant, concept of, 244-245 
nondominant, interpretativ’e functions of, 
245 

Cerebral ischemia, vasomotor center 
response to, 337 

Cerebral peduncles, anatomy of, 39, 25-26, 
26-27 

function of, 27(t) 

Cerebral sulci, anatomy of, 12, 32-33 
Cerebrospinal fluid (CSF), 287-289, 
287-290 

absorption through arachnoidal villi of, 
288-289 

blood barrier v\ith, 289-290 
carbon dioxide levels in, chemoreceptive 
area stimulation by, 343-344 
cushioning function of, 287-288 
diffusion into brain interstitial fluid of, 290 
flow of, direction of, 36 
pathways for, 38, 287, 287, 288 
formation of, 288 

by choroid plexuses, 38, 38, 288, 288 
perivascular spaces and, 289, 289 
pressure of, 289 

in pathological brain conditions, 289 
reduced, headache from, 135-136 
regulation by arachnoidal villi of, 289 
volume of, 287 

Cerebrospinal fluid system, gross anatomy 
of, 35-38,36-38 

Cerebrum, anatomy of, 11-12, 3 2-34, 15, 
15(t) 

components of, 11 
coronal section of, 3 7, 20 
deep nuclei of, location and function of, 
34, 15(t) 

horizontal section of, 34 

internal capsule of, function of, 18 

lobes of, 12, 32-34, 15 

olfactory areas of, 40, 41 

structures of, location and function of, 

15, 15(t) 

terminology for, 11, 14(t) 

Cervical ganglion, in autonomic innerv'ation 
of eye, 175, 3 75 

Cervical plexus, anatomy of, 46, 47, 48 
branches of, 46 

Chemicals, bitter taste and, 188-189, 189(t) 
pain receptor stimulation by, 128 
sweet taste and, 188, 189(t) 
visceral pain stimulation by, 133 
Chemoreceptor(s), anatomy of, 344-345, 

345 

arterial pressure control by, 336-337 
classification of, 102, 103(t) 
effect of carbon dioxide concentration on, 
345 

effect of hydrogen ion concentration on, 
345 

stimulation of, by decreased arterial 
oxygen levels, 345, 345 


Chemoreceptor system, peripheral, in 
respiratory control, 344-345, 345 
Chewing, 350 

Chloride ions, diameter of, lipid bilayer 
permeability and, 59(t) 
distribution across neuronal somal 
membrane of, 93, 94 
in action potential, 74 
sodium co-transport of, 64 
Cholecv'stokinin, effect on feeding of, 357 
Cholinergic activity, at effector organs, 
pharmacologic blocking of, 284 
Cholinergic fibers, acetylcholine secretion 
by, 275-276 

acetylcholine synthesis in, 276 
svmipathetic, effect of parasympathomi- 
metics on, 283 
Cholinergic receptors, 277 
Chorda tympani, anatomy of, 43, 43 
transmission of taste signals through, 

190, 390 

Chorea, 235, 238 

Choroid, in retinal blood supply, 155 
Choroid plexus(es), anatomy of, 20 
CSF secretion by, 38 
microscopic section of, 38, 38 
secretions of, in CSF formation, 288, 288 
Cilia, of olfactory cells, 191 
excitation of, 191-192 
Ciliarv' ganglion, in autonomic innerv'ation 
of eye, 175, 3 75 

Ciliar)' muscle, contraction of, parasympa¬ 
thetic stimulation and, 278, 278*(t) 
Ciliary processes, anatomy of, 150, 350 
Cingulate gVTus, 257, 258 
anterior, ablation of, 263 
location and function of, 20(t), 24 
vasomotor center control by, 333 
Cingulum, location and function of, 20(t), 24 
Circulation. See also Arterial pressure. 
autonomic control of, 330-333, 333-332 
nerv'ous regulation of, 330-333, 333-332 
sympathetic control of, 330, 333 
Cistemae, terminal, 302, 303 
Claustrum, as part of basal ganglia, 3 7, 18 
Climbing fibers, in cerebellar cortex, 227 
in learning of body movements, 229-230 
Clitoris, sensitivity of, 375 
Clonus, 202, 203 
Coccygeus, innervation of, 52(t) 

Cochlea, anatomy of, 177, 3 78 
conduction of sound vibration in, 178, 379 
destruction of, nerv'e deafness from, 186, 
386 

functional anatomy of, 178-179,3 78- 3 79 
innervation of, 43 
movement of fluid in, 178, 3 79 
resonance in, basilar membrane and, 179 
spatial representations of sound 
frequencies in, 183 
transmission of sound waves in, 

179-180, 380 

Cochlear nerv'e, relationship to organ and 
spiral ganglion of Corti of, 181, 383 
Cochlear nucleus, 41, 43 
dorsal and ventral, 183, 383 
Cold, pain fiber stimulated by, 136-137,337 
perception of, 136 
Cold fiber, 337 
Cold receptors, 136 

response to temperature change of, 337 
Colliculi, inferior, anatomy of, 26, 26 
function of, 27(t) 
spatial representations of sound 
frequencies in, 183 
superior, 27 


Colliculi (Continued) 
anatomy of, 26, 26 
function of, 27(t) 

role in eye and head turning move¬ 
ments of, 174 

role in involuntary fixation mechanism 
of, 173, 3 73 

Colon, food movement through, nervous 
control of, 352 

secretion in, nerv'ous control of, 355 
Color, detection of, in visual cortex, 171 
interpretation of, in nerv'ous system, 159- 
161,360 

Color blindness, blue weakness in, 161 
color test charts for, 360, 161 
red-green, 359, 161 

Color constancy, phenomenon of, 160-161 
Color vision. See Vision, color. 
Communication, brain function in, 

246-248, 247 

motor aspects of, 246-248, 247 
sensory aspects of, 246 
Complex spike, 227 

Computer, comparision of nervous system 
to, 88, 88 

Concentration difference, effect on 
diffusion of, 62 

relationship to diffusion potential of, 
66-67 

Conduction, decremental, of dendrites, 98,98 
electrotonic, in retinal signal transmission, 
162 

in nerve fibers, velocity of, 78 
saltatory, in myelinated fibers, 77-78, 78 
Conductive membrane, 77, 78 
Cones, anatomy of, 153-154, 354-355 
color vision of, photochemistry of, 
157-158, 358 

connectivity of ganglion cells with, 163 
membranous structures of, 355 
photochemistry of, 155 
spectral sensitivities of, 358-359, 159 
Constipation, headache from, 136 
Contact lenses, correction of optical 
abnormalities with, 148 
Contraction, local constrictive, in gastroin¬ 
testinal tract, 350 
Contrecoup, 288 

Convergence, of motor pathw’avs, 214, 

234 

of neuronal signals, 109, 309 
Convulsion, epileptic, signal transmission 
during, 112 
tonic, 269 
tonic-clonic, 269 

Coracobrachialis, innerv'ation of, 48(t) 
Cordotomy, for pain relief, 130-131 
Corona radiata, anatomy of, 19, 39 
Corpus callosum, anatomy of, 11-12, 

33-34, 20 
function of, 19 

in communication betw'een brain 
hemispheres, 245 
in information transmission, 248 
"Corticofugal" signals, transmission of, 

125 

Corticopontine fibers, 27-28 
function of, 25, 28 

Corticopontine tracts, function of, 27(t) 
Corticopontocerebellar pathw'ay, 225, 226 
Corticorubral tract, in transmission of 
cortical signals, 213, 233 
Corticorubrospinal pathw’ay, for motor 
control, relationship to cerebellum of, 
213, 233 
function of, 213 
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Corticospinal fibers, 27-18 
function of, 25, 28 

Corticospinal pathway, lesions of, effects 
of, 215 

Corticospinal tract, 34, 34-35 
assessment of, Babinski sign in, 215 
function of, 27(t) 

motor control function of, 238-239 
motor signal transmission through, 211- 
212, 212 

Corticotropin, secretion of, by anterior 
pituitary, 366 

Corticotropin-releasing hormone, function 
of, 367, 368 

Cortisol, function of, 368 
Cramps, muscle, 207 
pain from, 133 

Cranial nerve(s). See also specific nerve, 
connections with brain of, 39, 40(t), 40-41 
external distributions of, 41-44, 42-46, 46 
functions of, 3, 40(t) 

gross anatomy of, 13, 20, 39, 40(t), 40-46, 
41-44, 46 

motor nuclei of, 39, 41 
nuclei of, 29, 29 
functions of, 27(t) 
origin from ventral brain of, 40 
sensory nuclei of, 39, 41 
Cranial vault, pain-sensitive areas of, 135 
Cribriform plate, relationship to olfactory 
bulb of, 193 

Crista ampullaris, 219, 219 
organization of, 217 
Cross-bridges, in smooth muscle, slow 
cycling of, 313 

of myosin filament, 295, 296, 298, 299 
interaction with actin filament of, 300, 
300 

Crossed extensor reflex. See Extensor reflex, 
crossed. 

Cuneate nucleus, 29, 29 
function of, 27(t) 

Cupula, 219, 219 

Curariform drugs, neuromuscular transmis¬ 
sion blockage by, 311 
Cutaneous nerve, lateral femoral, 51, 52 
posterior femoral, 52, 53 
transverse, 47, 48 


Dark adaptation, 158, 158 
mechanisms of, 159 
value of, 159 

Deafness, conduction, audiogram in, 186,1 86 
nerve, audiogram in, 186, 1 86 
types of, 186, 186 

Decibel, for expression of sound intensities, 
182 

Defecation, 352 
autonomic control of, 281 
reflexes of, 352-353 

Deglutition. See Swallowing (deglutition). 

Deglutition center, 351 

Dehydration, intracellular, thirst stimulation 
by, 339 

Delta waves. See Brain waves, delta. 

Dementia, neurotransmitters in, 271 

Dendrite(s), 89, 89 
electrotonic conduction in, 98, 98 
functions of, 4, 5 
in exciting neurons, 97-98, 98 
signal transmission by, electrotonic 
conduction in, 97-98 
spatial field of, excitation of, 97 
structure of, 4, 5 


Dendrite(s) (Continued) 
summation of excitation and inhibition 
in, 98, 98 

Denervation supersensitivity, 281, 281 
sympathetic and parasympathetic, 281, 
281 

Dense bodies, in smooth muscle cells, 313, 
313 

Dentate nucleus, cerebellar, 30, 31 
Depression, relation of norepinephrine and 
serotonin systems to, 271 
Depth perception, by moving parallax, 149 
by size of image on retina, 149 
by stereopsis, 149, 149, 174 
Dermatomes, 54, 54, 125, 125 
Detrusor muscle, 358, 358 
Diencephalon, components of, 11 
definition of, 19, 20 
stimulation of, sleep from, 266 
structures and functions of, 19, 20(t) 
terminology for, 11, 14(t) 
vasomotor center control by, 332, 333 
Diet, control of, taste preferences in, 
190-191 

Diffusion, 58, 58-62, 59(t), 60-62 
active transport vs., 57-58, 58 
between CSF and brain interstitial fluid, 
290 

cerebral, 290 
definition of, 58 

facilitated (carrier-mediated), 61-62 
definition of, 58, 59 

membrane potentials caused by, 66-68, 
67-68 

net rate of, effect of concentration 
difference on, 62, 62 
effect of electrical potential on, 62, 62 
of fluid molecule, 58, 58 
of lipid-soluble substances, 59 
of transmitter substance, 93 
simple, definition of, 58, 58-59 
through lipid bilayer, 59, 59(t) 
through protein channels, 59-61, 60-61 
through cell membrane, 58-62, 59(t), 
60-61 

Diffusion potential(s), calculation of, when 
membrane is permeable to different 
ions, 67-68, 67-68 
establishment of, when membrane is 
permeable only to potassium, 66, 67 
when membrane is permeable only to 
sodium ions, 66, 67 
potassium, in resting membrane 
potential, 69, 69 

relationship to concentration difference 
of, 66-67 

sodium, in resting membrane potential, 

69, 69-70 

Diiodothyronine, function of, 368 
Diisopropyl fluorophosphate, acetylcholin¬ 
esterase inactivation by, neuromuscular 
stimulation from, 311 
Diopters, 143-144, 244 
Divergence, of neuronal signals, 109, 109 
L-Dopa, for Parkinson's disease, 237 
Dopamine, as neurotransmitter, 91(t), 92 
in basal ganglia, 237, 237 
secretion of, by substantia nigra, 256, 256 
excessive, schizophrenia from, 271-272 
Dopaminergic system, mesolimbic, 
relationship to schizophrenia of, 
271-272 

Dorsal column nuclei, 117, 117 
Dorsal column pathway, neuronal circuit of, 
120-121, 121 
vibration sensation in, 122 


Dorsal column-lemniscal system, anatomy 
of, 117, 117 

anterolateral system vs., 116 
discharge pattern in, 120-121, 121 
lateral inhibitory signals in, 121 
neuronal circuit in, 120-121, 121 
position sense information processing in, 
123,123 

projection from thalamus to somatic 
sensory cortex of, 117, 118 
sensory transmission in, 117-123 
characteristics of, 120-122, 121 
repetitive, 122 
types of, 116 

spatial orientation of nerve fibers in, 
117-118 

spinocervical pathway and, for transmit¬ 
ting tactile signals, 117, 117 
Dorsal column-medial lemniscal pathway, 
anatomy of, 117, 117 
Dorsal horns, pain inhibitory complex in, 
131, 131 

Dorsal lateral geniculate nucleus, functions 
of, 167-168 

layers of, magnocellular, 168 
parvocellular, 168 

Dorsal respiratory group of neurons, 

inspiratory and rhythmical functions 
of, 341-342 

Dorsal root ganglion, 32, 33, 34 
Dribbling, overflow, 360 
Drinking, temporary relief of thirst by, 339 
threshold for, 339-340 
Drug(s). See also specific type, 
adrenergic blocking, 283 
affecting neuromuscular transmission, 311 
anticholinesterase, 283-284 
curariform, neuromuscular transmission 
blockage by, 311 

effect on synaptic transmission of, 100 
ganglionic blocking, 284 
norepinephrine release stimulation by, 283 
parasympathetic potentiating effect of, 
283-284 

parasympathomimetic, 283 
stimulating muscle fiber, 311 
sympathomimetic, 283 
Dura mater, anatomy of, 36, 36-37 
Dwarf, pituitary, growth hormone lack and, 
368 

Dynorphin, in analgesia system, 132 
Dysarthria, 233 
Dysdiadochokinesia, 233 
Dyslexia, angular gyrus destruction and, 

244,246 
Dysmetria, 233 


Eardrum. See Tympanic membrane. 

Edema, cerebral, 290 
Edinger-Westphal nucleus, 39, 41 
in autonomic innervation of eye, 175, 175 
Effector cells, cholinergic activity at, 
pharmacologic blocking of, 284 
excitation or inhibition of, membrane 
permeability and, 276 
muscarinic receptors of, 277 
nicotinic receptors of, 277 
receptors of, 276-277 
Efferent fibers, alpha, 199 
gamma, 199 

brain area for control of, 202 
Ejaculation, sympathetic control of, 281, 374 
Electrical potential(s), effect on diffusion of 
ions of, 62, 62 
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Electrical potential(s) (Continued) 
generation by hair cells of, 181-182 
measurement of, 68, 68 
Electrical stimulation, pain treatment with, 
132 

"Electrochemical gradient," 62 
Electroconvailsive therapy, 271 
Electroencephalogram (EEG), 268, 268 
of grand mal epilepsy, 270, 270 
rhythmic frequency of, cerebral actiWtv 
and, 269, 269' 

Electromagnetic receptors, classification of, 
102, 103(t) 

Emboliform nucleus, cerebellar, 30 
Emission, svTnpathetic control of, 374 
Emmetropia, 146, 146 
Emotions, limbic cortex in, 242, 243 
Encephalitis, pupillary reflexes in, 176 
End-feet. See Presynaptic terminal(s). 
Endocochlear potential, 181-182 
Endolymph, in ampulla, 219 
Endorphin, in analgesia system, 132 
Endothelial cells, tight junctions of, 290 
End-plate(s), motor, physiologic anatomy 
of, 308, 309 

End-plate potentialfs), 310, 310-311 
Energy, input ys. output of, 357 
metabolism of, in re-establishing 

sodium-potassium ionic gradients 
after action potentials, 75, 75 
output of, effect of muscular activity on, 
357 

Enkephalin, as neurotransmitter, in basal 
ganglia, 237, 237 

in analgesia system, 131, 131-132 
Enteric neryous system, defecation reflex 
control by, 352 
myenteric plexus of, 348, 349 
function in peristalsis of, 350 
organization of, 348, 349 
reflexes in, 349 

submucosal plexus of, 348, 349 
Enzymefs), destruction of transmitter 
substance by, 93 

intracellular, receptor action and, 
276-277 

Ephedrine, norepinephrine release by, 283 
Epidural space, 36 
Epilepsy, 269 
focal 270, 270-271 
grand mal, 269-270, 270 
initiation of, 270 
stopping of, 270 
jacksonian, 270 
petit mal 270 

spike and dome pattern of, 270, 270 
Epinephrine, effects of, 279 

in chemical thermogenesis, 362 
on alpha and beta receptors, 277 
on smooth muscle contraction, 317 
secretion of, by adrenal medullae, 279 
effect on sympathetic tone of, 280 
sympathetic nerves in, 274 
Epithalamus, anatomy of, 19, 20{t) 
function of, 20{t) 

relationship to hypothalamus of, 257, 
258 

Equilibrium, maintenance of, cerebellum, 
spinal cord, and brain stem in, 230 
hindbrain in, 238 
neck proprioceptors in, 221 
neck reflexes in, 221 
proprioceptive and exteroceptive 
information in, 221 
semicircular ducts in, 220 


Equilibrium (Continued) 

vestibular sensations in, 217-221, 
217-222 

visual information in, 221 
reflexes of, neural pathways for, 221, 
221-222 

static, utricle and saccule function in, 219 
Erection, female, parasympathetic control 
of, 375 

male, parasvmpathetic control of, 281, 
374, 374 

Estrogen, negative feedback effect of, on 
secretion of FSH and LH, 372 
positive feedback effect of, before 
ovulation, 372, 372 

secretion of, after menstruation, 372-373 
throughout sexual life, 373, 373 
Excitability, inhibition of, 79 

intrinsic neuronal, continuous discharge 
from. 111, ni 
"stabilizers" of, 79 

Excitation, action potentials and, 78-79, 79 
acute local potentials and, 79 
acute subthreshold potentials in, 79, 79 
chemical stimulation of, 78 
electrical stimulation of, 78-79 
mechanical stimulation of, 78 
neuronal, electrical events during, 93 
relation to rate of firing to, 98-99, 99 
refractory period and, 79 
spatial field of dendrites in, 97 
summation of, in dendrites, 98, 98 
threshold for, 79, 79, 95, 95 
exdtatorv' postsvnaptic potential and, 
96-97, 97 ' 

Excitation-contraction coupling, in cardiac 
muscle contraction, 322-323 
in muscle contraction, 302-304, 303-304 
Exercise, arterial pressure increases in, 334 
effect on oxygen consumption of, 345, 345 
effect on ventilation rate of, 345, 345-346 
neurogenic factors in, 346-347 
respiratory regulation during, 345-346, 
345-347 
Exocytosis, 90 

Expiration, ventral respiratory^ group of 
neurons in, 342 

Extensor muscles, innervation of, 48{t), 52(t) 
Extensor reflex, crossed, 204, 205 
myogram of, 205, 205 
neuronal mechanism of, 204, 205 
Exteroceptive information, in equilibrium 
maintenance, 221 

Extracellular fluid, composition of, 57, 58 
osmolality of, ADH-thirst control 
mechanism of, 340, 340-341 
antidiuretic system activation from, 337 
osmoreceptor-antidiuretic hormone 
feedback control of, 337-339, 338 
role of thirst in, 339-340 
sodium concentration of, ADH-thirst 
control mechanism of, 340, 340-341 
osmoreceptor-antidiuretic hormone 
feedback control of, 337-339, 338 
role of thirst in, 339-340 
Extrafusal muscle fibers, 199, 199 
Extra ocular muscles, anatomy of, 172, 172 
ExtrapyTamidal motor system, 213-214 
Extremity(ies), loss of motor control of, pri¬ 
mary motor cortex removal and, 215 
lower, major nerves of, 51, 52, 52{t) 
upper, major nerves of, 48(t), 49, 50, 52 
Eye(s). See also specific parts and Optics; 
Vision. 

as camera, 144, 144-145 


Eye{s) (Continued) 

autonomic innervation of, 175, 175 
disorders of. See also specific disorder 
and Eye(s), movements of; Refraction, 
errors of. 

headache from, 136 
distance determination by, moving 
parallax in, 149 

sizes of retinal images and known 
objects in, 149 
stereopsis in, 149, 149 
effects of autonomic stimulation on, 278, 
278(t) 

extra ocular muscles of, 172, 172 
focusing of. See Accommodation. 
intraocular fluid of, 150, 150. See also 
Aqueous humor. 

formation and flow of, 150, 150 
lens system of, depth of focus of, 146, 146 
movements of, continuous tremor, 173, 
173 

control of, muscular, 172, 172 
neural pathways for, 172, 172-173 
superior colliculi in, 26 
fixation, 172-174, 173 
involuntary mechanism for, 172 
role of superior colliculi in, 173, 2 73 
voluntary mechanism for, 172, 273 
flicking, 173, 2 73 
opticokinetic, 173 
pursuit, 174 

saccadic, cerebellar control of, 231 
during reading, 174 
successive fixation point mechanism 
in, 173 

slow drift, 173, 273 
"voluntary'," motor cortex areas for, 
211, 222 

opening of, effect on alpha waves of, 

268, 268 

optics of, 144-149, 244-249 
parasympathetic irmervation of, 175, 2 75 
pupillary aperture of, 145-146 
"reduced," schema of, 144 
refractive power of, 144-145 
stabilization of, vestibular mechanisms 
for, 221 

sympathetic innerv'ation of, 175, 275 
turning toward visual disturbance of, su¬ 
perior colliculi in, 174 


Face recognition area, of cerebral cortex, 

243, 243-244 

Faceplate, of stapes, anatomy of, 177, 278 
Facial nerv'e, anatomy of, 40, 42-43, 43-44 
connection with brain of, 40(t) 
function of, 28, 40(t) 
transmission of taste signals through, 

190, 290 

Facial nucleus, 39, 42 
Facilitation, definition of, 87 
in memory, 250, 250-251 
of neurons, 108, 208 

Fasciculus, medial longitudinal 27-28, 28 
function of, 26 

in eye movement control, 172, 272-273 
in stabilization of eyes, 221, 222 
Fasciculus cuneatus, 34, 35 
Fasciculus gracilis, 34, 35 
Fastigial nucleus, cerebellar, 30 
Fat cells, effects of autonomic stimulation 
on, 278{t) 
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Fatigue, in flexor reflex, 204, 204 
muscle, 306-307 
of synaptic transmission, 99-100 
grand mal epilepsy and, 270 
nervous system stabilization by, 112, 
112 

Fear, hypothalamic control of, 260 
Feeding, effect of glucose, amino acids, and 
lipids on, 356 

mechanics of, brain stem control of, 356 
regulation of, abnormalities in, obesity 
from, 357-358 
alimentary, 356-357 
aminostatic theory of, 356 
glucostatic theory of, 356 
hypothalamic, 260, 356 
lipostatic theory of, 356 
long- and short-term systems for, 

357 

nutritional, 356 

suppression of, humoral and hormonal 
factors in, 357 

Female monthly cycle. See Sexual cycle, 
female. 

Femoral nerve, anatomy of, 50-51, 52 
muscles innervated by, 52, 52{t) 

Fenn effect, 300 

Fertilization, effects of female orgasm on, 
375 

Fever, 363 

brain lesions and, 363 
causes of, 363 
pyrogens and, 363 

resetting hypothalamic thermostat in, 

363 

Fiber tracts, in white matter, 13-14, 17, 19 
Fifth nerve. See Trigeminal nerve. 

Fight or flight reaction, 282 

Finger muscles, innervation of, 48(t), 49, 50 

Fissures, cerebral, 12, 12-13, 15{t) 

Fixation mechanism, involuntary, 172 
voluntary, 172, 173 
Flailing, subthalamus lesions and, 235 
Flexor muscles, innervation of, 48{t), 52{t) 
Flexor reflex, myogram of, 204 
neuronal mechanism of, 204, 204-205 
pattern of withdrawal in, 205 
Flicking, putamen lesions and, 235 
Flocculonodular lobes, of cerebellum, 
224-225, 225 

Flower spray ending, 199, 199-200 
Focusing, of eyes. See Accommodation. 

Folia, cerebellar, 30, 50-31, 227 
Follicle-stimulating hormone (FSH), 

preovulatory surge of, 372, 372-373 
secretion of, by anterior pituitary, 366 
during follicular growth phase, 
372-373 

effect of estrogen, progesterone, and 
inhibin on, 372 
spermatogenesis and, 371 
sexual function control by, 370 
Food, aversions to, development of, 193 
ingestion of, 350-353, 351, 353 
intake of, regulation of, 355-358 

alimentary (short-term), 356-357 
factors in, 356-357 
importance of short- and long-term 
systems in, 357 
neural centers for, 355-356 
nutritional (long-term), 356 
Foot muscles, innervation of, 52(t) 

Foramen of Magendie, 35, 36 
Foramen of Monro. See Interventricular 
foramen. 


Foramen rotundum, maxillary nerve 
passage through, 42 
Foramina of Luschka, 35, 36 
Forearm muscles, innervation of, 48(t), 49,50 
Forebrain. See also Cerebrum; Diencephalon. 
medial bundle of, role in limbic system- 
brain stem communication, 257, 258 
Fracture, muscle spasm from, 207 
Free nerve endings, anatomy of, 103 
as cold receptors, 136 
as pain receptors, 127 
as tactile receptors, 114 
in stimulation of pain, 107, 107 
mechanoreceptive, tickle and itch 
sensation elictation by, 116 
Frontal cortex, posterior orbital, ablation of, 
263 

vasomotor center control by, 333 
Frontal lobe, anatomy of, 12, 12-13, 15(t) 
Fusiform cells, 240, 241 


Gallbladder, autonomic stimulation of, 278(t) 
Galloping reflex, 206-207 
Gamma-aminobutyric acid (GABA), as 
neurotransmitter, 91(t), 92, 240 
in basal ganglia, 237, 237 
Ganglia, prevertebral sympathetic, 273, 274 
gastrointestinal reflexes and, 349 
Ganglion cells, retinal. See under Retina. 
Gastric nerves, anatomy of, 44 
Gastric secretion, neural and hormonal 
regulation of, 354-355, 355 
phases of, cephalic, 354, 355 
gastric, 354, 355 
intestinal, 354-355, 355 
stimulation of, by hormones, 354 
by neurotransmitters, 354 
reflexes in, 354 

Gastrin, gastric acid secretion stimulation 
by, 354 

Gastrin-releasing peptide, gastric secretion 
stimulation by, 354 
Gastrocnemius, innervation of, 52(t) 
stretch reflex testing of, 202, 202 
Gastrointestinal tract, autonomic control of, 
281, 348-349 

distention of, feeding regulation by, 357 
effects of autonomic stimulation on, 

278(t), 279 

hypothalamic regulation of, 260 
movements in, mixing, 350 
propulsive, 350, 350 
types of, 349-350, 350 
neural control of, 348-349, 349 
parasympathetic innervation of, 348 
reflexes of, 349 

food movement inhibition by, 352 
secretions of, nervous control of, 353, 353- 
355, 355 

sympathetic innervation of, 349 
Gemellus muscle, innervation of, 52(t) 
Gene(s), cellular, activation of, enzyme re¬ 
ceptors in, 90 

Geniculate bodies, lateral, 42, 167. See also 
Dorsal lateral geniculate nucleus. 
Geniculate ganglion, 43 
Geniculate nucleus, dorsal lateral. See 
Dorsal lateral geniculate nucleus. 
medial, in auditory pathway, 183, 183 
Giant, growth hormone excess and, 368 
Gigantocellular neurons, acetylcholine se¬ 
cretion by, 257 


Gland(s), of body, effects of autonomic 
stimulation on, 278(t), 278-279 
Glands of Bowman, 191, 191 
Gians penis, role in initiating sexual act, 373 
Glaucoma, 151 
Glia, of spinal cord, 31, 33 
Glial cells, structure and function of, 5, 5 
Globose nucleus, cerebellar, 30 
Globus pallidus, 233 
anatomy of, 14, 17, 17-18 
lesions in, writhing movements from, 235 
Glomeruli, 193 

Glossopharyngeal nerve, anatomy of, 40, 

43, 45-46 

connection with brain of, 40(t) 
function of, 40(t) 

transmission of taste signals through, 

190, 190 

Glucagon, effect on feeding of, 357 
Glucose, availability to body of, 291 
diameter of, lipid bilayer permeability 
and, 59(t) 

effect on hunger and feeding of, 356 
sodium co-transport of, 64, 64 
Glutamate, as neurotransmitter, 91(t), 92, 
240 

Gluteal nerve, anatomy of, 52, 53 
muscles innervated by, 52(t) 

Gluteus muscles, innerv^ation of, 52(t) 
Glycerol, diameter of, lipid bilayer 
permeability and, 59(t) 

Glycine, as neurotransmitter, 91(t), 92 
Glycogen, as energy source in muscle con¬ 
traction, 305 
Goldman equation, 67 
Goldman-Hodgkin-Katz equation, 67 
Golgi cells, 228 

Golgi tendon apparatus, anatomy of, 103 
Golgi tendon organ, 203, 203 
dynamic and static responses of, 203 
excitation of, 203 

in motor function, with higher motor 
control centers, 204 
inhibitory reflex of, 203-204 
transmission of impulses from, into CNS, 
203 

Gonadotropic hormones, concentration of, 
during female sexual cycle, 372, 372 
male sexual function control by, 370-371 
secretion of, hypothalamic nervous 
activity and, 370 
hypothalamic-anterior pituitary, 

reciprocal inhibition by testicular 
hormones in, 370-371 
suppression of, postovulatory ovarian 
hormone secretion and, 372, 372 
Gonadotropin-releasing hormone (GnRH), 
formula for, 371 
functions of, 367, 370 
secretion of, at puberty, 371 
hypothalamic centers for, 371 
Gracile nucleus, 29, 29 
function of, 27(t) 

Gracilis, innerv'ation of, 52(t) 

Grand mal epilepsy, 269-270, 271 
Granular cells, 192, 227, 228, 240, 242 
Gravity, body support against, reticular and 
v^estibular nuclei in, 226, 216-217 
Gray commissure, of spinal cord, 31, 33 
Gray horns, of spinal cord, 31, 33 
Gray matter. See also Cerebral cortex. 
composition and anatomy of, 24, 15 
of spinal cord, 31, 33 
function of, 33(t), 34 
organization of, 197-198, 198 
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Gray matter (Continued) 
periaqueductal, 27 

Growth hormone, function of, 367-368 
secretion of, by anterior pituitary, 365-366 

Growth hormone inhibitory hormone, 
function of, 367 

Growth hormone releasing hormone, 
function of, 367 

Guanethidine, adrenergic blocking ability 
of, 283 

Gyrus, definition of, 12 


Habituation, in memory, 249-250 
Hair, tactile, anatomy of, 103 
Hair cells, cupular, movement during head 
rotation of, 219, 219 
in crista ampullaris, response to head 
rotation of, 220, 220 
in organ of Corti, 178 
excitation of, 181, 181 
external, 181, 181 
internal, 181, 181 
receptor potential of, 181-182 
macular, 218, 218 

directional sensitivity of, 218, 218 
pattern of stimulation of, head position 
and, 219 

Hair end-organ, as tactile receptor, 115 
Hand, motor control of, dominant brain 
hemisphere in, 245 
movements of, motor cortex area for, 

211 , 211 

Hand muscles, innervation of, 48(t), 49, 50 
Head, orientation of, sensory organs for, 
218, 218 

rotation of. See also Equilibrium. 
cupular movement during, 219, 219 
motor cortex area for, 211, 211 
Headache, 235, 135-136 
alcoholic, 136 
as referred pain, 135 
constipation, 136 
extracranial, 136 
eye disorders and, 136 
intracranial, 235, 135-136 
areas referred to in, 135, 235 
low CSF pressure and, 135-136 
meningitis and, 135 
types of, 135-136 
migraine, 136 
muscular spasm and, 136 
nasal irritation and, 136 
Hearing, 177-186. See also specific 
anatomic parts of the ear. 
auditory cortex destruction and, 185 
auditory pathway for, 183, 183-184 
central auditory mechanisms of, 183-184, 
183-185 ^ 

cerebral cortex in, 184, 184-185 
cerebral pathways for, 247, 248 
frequency range of, 182-183, 183 
loss of, 186. See also Deafness. 
tests of, 186, 186 
Hearing abnormalities, 186, 186 
Heart. See also individual anatomic parts 
and entries under Cardiac. 
autonomic stimulation of, 278(t), 279 
in arterial pressure control, 333 
blood flow through, 320, 322 
chambers of, 320, 322 
conduction system of, 323-326, 323-327 
atrial component of, 324-325, 325 
a trial-ventricular delay in, 325, 325 
control of, 327-328, 328 


Heart (Continued) 

effect of parasympathetic stimulation 
on,328 

effect of sympathetic stimulation on, 328 
Purkinje fibers in, 325, 325-326 
time interv’als in, 326, 326-327 
ventricular component of, 326 
contraction of, inaease of, sympathetic 
stimulation and, 328 
excitator)' system of, 323-326, 323-327 
control of, 327-328, 328 
pacemaker(s) of, abnormal, 327 
ectopic, 327 
sinus node as, 327 
pain from, 133, 133 

parasympathetic control of, 330-331, 331 
parasympathetic inner\'ation of, 328, 328 
rhythmidty of, effect of parasympathetic 
stimulation on, 328 

effect of sympathetic stimulation on, 328 
structure of, 320, 321 
sympathetic control of, 330 
sympathetic innerv'ation of, 327-328, 328 
vasomotor center control of, 333 
Heart rate, increase of, sympathetic stimula¬ 
tion and, 328 

sympathetic control of, 330-331 
Heat, pain perception and, 128, 128 
perception of, 136 
tissue damage from, 128 
Heat loss, evaporative, 361, 361 
Heat production, decrease in, 361 
in nerv’e fiber, 75, 75 
increase in, 362 

thyroxine output and, 362 
sympathetic chemical excitation of, 362 
Hemianopsia, bitemporal, 172 
homonymous, 172 
Hemiballismus, 235 

Hemorrhage, cranial, CSF pressure in, 289 
Hering-Breuer inflation reflex, 342 
Hering's nerv^e, signal transmission through, 
334 

Herpes zoster, pain in, 134 
Hexamethonium ion, adrenergic blocking 
ability of, 283 

ganglionic blocking action of, 284 
Hindbrain. See also Rhombencephalon. 
motor control function of, 238 
transmission of pain signals through, 
dual pathways for, 129, 129 
Hippocampus, anatomy of, 20, 20(t), 22, 24 
functions of, 20(t), 22, 24, 262-263 
in learning, 263 
in memory storage, 252 
in reflexive learning, 253 
punishment centers of, 261 
relationship to hypothalamus of, 257, 258 
removal of, effects of, 263 
vasomotor center control by, 333 
Histamine, effect on smooth muscle con¬ 
traction of, 317 

gastric secretion regulation by, 354 
Homatropine, cholinergic activity blocking 
by, 284 

Horizontal fibers, of cerebral cortex, 240, 241 
Hormone(s). See also specific hormones. 

secretion of, nerv'ous system in, 365 
Horn cells, intermediolateral, in sympathetic 
innervation of eye, 175 
Homer's syndrome, 176 
Hunger, autonomic control of, 281 
definition of, 355 

effect of glucose, amino acids, and lipids 
on, 356 

glucostatic theory of, 356 


Hunger (Continued) 

hypothalamic regulation of, 260 
in control of food ingestion, 350 
Hunger center, 355-356 
glucoreceptor neurons in, blood glucose 
levels and, 356 
Hunger contractions, 355 
Hunger pangs, 355 

Huntington's chorea, motor effects of, 238 
Hydrocephalus, CSF pressure in, 289 
Hydrogen ions, chemosensitive neuronal 
response to, 343 

concentration of, cerebral blood flow 
regulation by, 285, 286 
effect on alveolar ventilation of, 344, 344 
effect on chemoreceptor activity of, 345 
sour taste and, 188, 189(t) 

Hyperalgesia, 128, 134 
Hyperopia, 146, 346 
lens correction of, 147, 247 
Hyperphagia, 355 

Hyperpolarization, in action potential, 76, 77 
in cardiac muscle, 324, 327 
vagal stimulation and, 328 
in inhibitory postsynaptic potential, 95 
neuronal, after neuronal action potential, 
98-99, 99 

of rod receptor potential, 156-157, 157 
Hyperthyroidism, 368 
Hypertrophy, muscular, 307 
Hypoglossal nerv'e, anatomy of, 40, 44,46, 46 
connection with brain of, 40(t) 
function of, 40(t) 

Hypoglossal nucleus, 39, 42 
Hypophysis. See Pituitary gland. 
Hypothalamic inhibitory factors, secretion 
of, hypothalamic control in, 367 
Hypothalamic inhibitory hormones, func¬ 
tion of, 367 

secretion of, anterior pituitary control in, 
366 

into median eminence, 367 
Hy 7 )othalamic releasing factors, secretion 
of, hypothalamic control in, 367 
Hypothalamic releasing hormones, as neu¬ 
rotransmitters, 91(t) 
function of, 367 

secretion of, anterior pituitary control in, 
366 

into median eminence, 367 
Hvpothalamic-hypophysial portal system, 
366-367,367 

Hypothalamic-pituitary-ovarian system, 
feedback oscillation of, 372-373 
Hypothalamus, ADH secretion control by, 
338 ,338 

anatomy of, 23, 20(t), 21 
anterior, role in temperature regulation 
of, 360-361 

anterior pituitary gland control by, 260 
autonomic control areas of, 282-283, 283 
behavioral functions of, 260 
body temperature regulation by, 259-361 
centers for, 360, 360 
resetting in fever of, 363 
body water regulation by, 259, 337 
cardiovascular regulation by, 259 
composition of, 19 
control centers of, 258, 259 
control of lower brain stem autonomic 
centers by, 283 

cortisol secretion control by, 368 
endocrine control functions of, 258 
feeding regulation by, 260 
follicle-stimulating hormone secretion 
regulation by, 370-371 
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Hypothalamus (Continued) 
function of, 20(t) 

gastrointestinal regulation by, 260 
glucoreceptor neurons of, effect of blood 
glucose levels on, 356 
gonadotropin secretion regulation by, 371 
hormone secretion control by, 365 
hunger regulation by, 260 
in pain suppression, 131 
lateral, 258, 259 
stimulation of, 21, 260 

increased food intake from, 355 
lesions of, effects of, 260 
luteinizing hormone secretion regulation 
by, 370-371 

milk ejection regulation by, 259-260 
motor output pathways of, 257-258 
nuclei of, 21, 23 
functions of, 21-22, 23 
mediolateral positions of, 258, 259 
paraventricular nuclei of, ADH formation 
in, 338, 338 

periventricular nuclei of, stimulation of, 
260 

pituitary secretion control by, 366 
posterior, body temperature regulation 
by, 361 

stimulation of, 22 

preoptic area of, role in temperature 
regulation of, 360-361 
prolactin secretion control by, 369 
punishment centers of, stimulation of, 
rage pattern from, 262 
relation to limbic system of, 257-258, 258 
relation to pituitary of, 365-369, 366-367 
relation to posterior pituitary of, 369, 
369-370 

shivering stimulation by, 362 
stimulation of, releasing hormone 
secretion from, 22 

supraoptic nuclei of, ADH formation in, 
338, 338 

thermostatic detection of temperature in, 
360-361 

thirst regulation by, 259 
centers for, 259, 339 
relationship of supraopticopituitary 
antidiuretic system to, 338, 338 
thyroid hormone secretion control by, 368 
uterine contractility regulation by, 
259-260 

vasomotor center control by, 333 
vegetative control functions of, 258 
ventromedial nuclei of, satiety from, 355 
stimulation of, 260 
Hypothyroidism, 368 
Hypotonia, 233 

primary motor cortex ablation and, 215 
Hypoxia, effect on synaptic transmission of, 
100 


I bands, 295, 296 

Iggo dome receptor, 115, 115 

Iliacus, innervation of, 52(t) 

Impedance matching, by ossicular system, 
177 

Incontinence, outflow, 360 
Incus, anatomy of, 177, 178 
Infection, cranial, CSF pressure in, 289 
Information, sensory. See Sensory informa¬ 
tion. 

transnnission of, "carrier wave" method 
of, 184 

visual. See Visual information. 


Infraspinatus, innervation of, 48(t) 

Inhibin, in control of FSH secretion, 371 
in spermatogenesis, 371 
negative feedback effect of, on secretion 
of FSH and LH, 372 
Inhibition, lateral, effect on contrast in 
spatial pattern of, 222, 121-122 
in sound frequency perception, 184 
in visual contrast transmission, 
164-165, 265 
of Purkinje cells, 228 
visual contrast enhancement by, 162, 

2 62 

neuronal, electrical events in, 95-97, 97 
postsynaptic, 96 
presynaptic, 96 
reciprocal, 205, 206 
summation of, in dendrites, 98, 98 
surround, 121, 222 
Inhibitory circuits, nervous system 
stabilization by, 112 
reciprocal, in flexor reflex, 204 
Inner ear. See Cochlea. 

Innervation, reciprocal, 205 
Insomnia, posterior orbital frontal cortex 
ablation and, 263 

Inspiration, duration of, pneumotaxic center 
control of, 342 
ramp signal in, 341-342 
reflex limitation of, by lung inflation 
signals, 342 

ventral respiratory group of neurons in, 
342 

Insula, anatomy of, 24, 15, 15(t), 20(t), 24 
function of, 20(t), 24 
Insulin, effect on feeding of, 357 
Intellectual function, prefrontal cortical 
association area in, 245-246 
Wernicke's area in, 244, 244-245 
Intention tremor, 231, 233 
Intercalated discs, of cardiac muscle fibers, 
320, 322 

Intercostal nerv'es, origin of, 46 
Interleukin-1, role in fever of, 363 
Intermediolateral horn, of spinal cord, 273, 
274 

Internal capsule, anatomy of, 24, 19, 29 
function of, 18 

Intemeurons, organization of, 198, 298 
Intemodal pathways, cardiac impulse trans¬ 
mission and, 324-325, 325 
of heart, 323, 323 
Interossei, innerv'ation of, 48(t) 

Interstitial fluid, electrical neutrality of, 68, 68 
Interstitial nucleus, rotational movement 
control by, 222 

Interv'entricular foramen, anatomy of, 23 
lateral ventricle connection through, 34, 36 
Intervertebral foramina, spinal nerv^e 
passage through, 46 

Intracellular fluid, composition of, 57, 58 
Intrafusal muscle fibers, 199, 299 
Intramural plexus, 279 
Intraocular fluid, cleansing of, 151 
Intraocular pressure, measurement of, 151, 
252 

regulation of, 151 

Involuntary fixation mechanism, 172 
Ion channels, acetylcholine-gated, opening 
of, 309-310, 309-320 
activation of, receptor protein and, 276 
chemically activated, effects on postsyn¬ 
aptic neuron of, 90 
lonophore, types of, 90 
Ions, concentration of, outside and inside of 
cell membrane, 57-58, 58 


Ions (Continued) 

diffusion of, effect of electrical potential 
on, 62, 62 

through lipid bilayer, failure of, 59, 59(t) 
hydrated, 59 

transport through cell membrane of, 
57-64 

Iridocorneal angle, anatomy of, 150-151, 
252 

Iris, contraction of, autonomic stimulation 
and, 278, 278(t) 
function of, 145-146 
Ischemia, visceral pain from, 133 
Ischemic response, of central nervous 
system, in regulation of arterial 
pressure, 337 

Ishihara charts, for color blindness, 260 
Isopropyl norepinephrine, effect on beta re¬ 
ceptors of, 277 

Isoproterenol, beta receptor stimulation by, 
283 

Itch, characteristics of, 116 
scratch reflex from, 207 


Jacksonian epilepsy, 270 
Joint(s), angulation of, sensorv receptors 
for, 123 


Kidney(s), effects of autonomic stimulation 
on, 278(t) 

water conserv'ation by, ADH mechanism 
of, 338 

Kinodlium, 218, 228 
Kluver-Bucy syndrome, 262 
Knee, innervation of, 52, 52, 52(t) 

Knee jerk, stretch reflex sensitivity 
determination by, 202, 202-203 
Krause's corpuscle, anatomy of, 203 


"Labeled line" prindple, of sensation 
transmission, 102-103 
Lab)Tinth, bony, 217 
membranous, 22 7, 217-218 
hair cell of, 218, 228 
Lactation, effect of oxytodn on, 370 
Lamina terminalis, organum vasculosum of, 
drinking promotion in, 339 
Language, comprehension of, Wernicke's 
area for, 243 

in function of Wernicke's area, 245 
Lateral fissure, anatomy of, 12, 22-23 
function of, 12, 15(t) 

Learning, reflexive, hippocampal role in, 253 
reward and punishment in, 261 
role of hippocampus in, 263 
Leg muscles, innervation of, 52, 52, 52(t) 
Lemnisci, lateral, nucleus of, in auditory 
pathway, 183, 283 
medial, 27-28, 28, 28 
decussation of, 29, 29 
function of, 27(t) 
function of, 25 

Lens(es), dliary muscle of, 145, 245 
concave, diverging of light rays by, 141, 
242 

myopia correction with, 147, 247 
convex, focusing of light rays by, 141, 242 
hyperopia correction with, 147, 147 
image formation by, 143, 144 
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Lens(es) (Continued) 

cylindrical, astigmatism correction with, 
147, 147-148 

spherical lenses vs., 142, 142-143 
focal length of, 142-143, 143 
focal point of, 141, 142 
focusing of, parasympathetic stimulation 
and, 278, 278(t) 

meridional and circular fibers of, 145, 145 
refractive power of, measurement of, 
143-144, 144 
zonules of, 145, 145 
Levator ani, innervation of, 52(t) 

Light, refraction of, 141, 142 
white, perception of, 159 
Light adaptation, 158 
mechanisms of, 159 
value of, 159 

Light rays, focusing of, 141, 142 
Light reflex, pupillary, function of, 176 
neuronal pathway for, 175, 176 
reflex arc of, 175 
Limb(s). See Extremitydes). 

Limbic cortex, 257, 258. See also Frontal 
cortex. 

functions of, 20(t), 263-264 
location of, 20(t) 

Limbic system, 239 
components of, 22, 23, 24 
definition of, 254, 257 
functional anatomy of, 257, 258 
functions of, 19, 20(t), 22, 23, 24 
limbic cortex in, 242, 243 
location of, 20(t), 22, 23, 24 
olfactory pathways in, 193 
punishment centers of, importance in 
behavior, learning, and memory of, 
261 

localization of, 261, 261 
role of hippocampus in, 252 
relationship to hypothalamus of, 257, 258 
reward centers of, importance in 

behavior, learning, and memory of, 
261 

localization of, 260-261, 261 
role of hippocampus in, 252 
Lingual nerve, anatomy of, 43 
Lipid(s), effect on hunger and feeding of, 356 
storage of, chemistry of, genetic 
abnormalities in, 358 
Lipid bilayer, 57, 58 
diffusion through, 59, 59(t) 
by lipid-insoluble molecules, 59 
by water, 59 

failure by ions in, 59, 59(t) 
lipid solubility and, 59 
permeability of, to molecules and ions, 
59(t) 

Lipid-insoluble molecules, transport of, 59 
Lipid-soluble substances, diffusion of, 59 
Lithium, in manic-depression treatment, 271 
Liver, capsule of, pain sensitivity of, 133 
effects of autonomic stimulation on, 278(t) 
Lobotomy, prefrontal, effects of, 245-246 
Local potential(s), acute subthreshold, in 
excitation process, 79, 79 
Locomotion, reflexes of, 206-207, 207 
Locus ceruleus, 28 

norepinephrine secretion by, 256, 256 
Longitudinal fissure, anatomy of, 12, 13, 20 
Loudness, determination of, 182-183, 183 
Lubrication, female, 375 
male, 374 

Lumbar plexus, anatomy of, 46,48,50-51,52 
major nerves of, muscles innervated by, 
52(t) 


Lumbrical muscles, innervation of, 48(t) 
Lumirhodopsin, production of, 156 
Lungs, effects of autonomic stimulation on, 
278(t) 

Luteinizing hormone (LH), preovulatory 
surge of, 372, 3 72 - 373 
secretion of, by anterior pituitary, 366 
during follicular growth phase, 372-373 
sexual function control by, 370 
testosterone production regulation by, 370 


Macula(e), anatomy of, 218 
detection of linear acceleration by, 219 
hair cells of, 218, 218 
organization of, 217 
retinal, 153, 154 
Magnet reaction, 206 
Malleus, anatomy of, 177, 178 
Mamillary body(ies), in gastrointestinal 
activity regulation, 260 
location and function of, 20{t), 24 
Mandibular nerve, anatomy of, 42, 43 
"Mark time" reflex, 206, 207 
Mass reflex, 207-208 
Masseter muscle, 42, 43 
Mastication, 350 

muscles of, innervation of, 42, 43 
Maxillary nerve, anatomy of, 42, 43 
Mechanoreceptor(s), adaptation of, 105 
classification of, 102, 103(t) 
types of, 102, 103 

Median nerve, muscles innervated by, 48(t) 
upper extremity course of, 49, 50 
Medulla oblongata, anatomy of, 12-13, 20, 
26, 28-29, 29 

autonomic control areas of, 282-283, 283 
function of, 27(t) 
inhibitory area of, 255 
pyramids of, 211, 212 
Meissner's corpuscle, anatomy of, 103 
as tactile receptor, 114-115 
vibratory signals in, 122 
Meissner's plexus, 348, 349 
Membrane potential(s). See also Action 
potential(s). 

accomjnodation of, 74 
action potentials and, 66-80 
changes in, recording of, 79-80, 80 
creation of, by diffusion, 66-68, 67-68 
depolarization of, 70 
excitation of, threshold for, 79, 79 
in olfactory cells, 192 
in smooth muscle, 315 
measurement of, 67, 67-68 
physics of, 66-68, 67-68 
repolarization of, 70 
resting, definition of, 70 
of cardiac muscle, 321 
of nerves, 68-70, 69 
of neuronal soma, 93, 93 
origin of, 69, 69-70 
rise of, 74 

"short circuiting" of, 95-96 
Memory, classification of, 249 
consolidation of, 251-252 
codifying during, 252 
functions of, in sensory information 
processing, 87 
habituation in, 249-250 
immediate, 249-250 
transference to long-term memory of, 
role of rehearsal in, 252 
long-term, physical and anatomic 
mechanisms of, 251 


Memory (Continued) 
short-term vs., 251 
synaptic changes during, 251 
positive and negative, 249 
postsynaptic neuronal membrane 
changes and, 250, 250-251 
presynaptic facilitation and inhibition in, 
250, 250-251 

reverberating circuit theory of, 250 
reward and punishment in, 261 
roles of specific brain parts in, 252-253 
roles of synaptic facilitation and 
inhibition in, 249 
short-term, 250, 250-251 
cerebral anatomy of, 15(t), 26, 17 
storage of, hippocampus in, 252 
Memory sensitization, 249 
Memory traces, 249 
Menarche, 373, 373 
Meninges, anatomy of, 33, 35-36, 37 
Meningitis, headache from, 135 
Menopause, 373, 373 
Mental activity, effects of autonomic 
stimulation on, 278(t) 

Merkel's discs, as tactile receptors, 115, 125 
Mesencephalon, anatomy of, 23, 20 
autonomic control areas of, 282-283, 283 
cerebral peduncles of, 25-26, 26-27 
components of, 11 
divisions of, 25-26, 26-27 
function of, 27(t) 
horizontal section of, 25, 27 
periaqueductual gray area of, in analgesia 
system, 131, 232 
surface anatomy of, 25, 26 
tectum of, 26, 26-27 
terminology for, 11, 14(t) 
vasomotor center control by, 332, 333 
Metabolism, anaerobic, 291 
basal, effects of autonomic stimulation 
on, 278(t) 

cellular, activation of, enzyme receptors 
in, 90 

cerebral, 290-291 
oxidative, in muscle contraction, as 
energy source, 305 
Metarhodopsin, production of, 156 
Methacholine, muscle fiber stimulation by, 
311 

parasympathomimetic effects of, 283 
Methyl mercaptan, smelling of, 193 
Metoprolol, adrenergic blocking ability of, 
283 

Micturition, 358, 358-360 
abnormalities of, 360 
cerebral control of, 359 
reflex of, 359 

Midbrain. See Mesencephalon. 

Middle ear, ossicular system of, 177, 278 
sclerosis of, deafness from, 186, 286 
Migraine, 136 

Milk, ejection of, hypothalamic regulation of, 
259-260 
oxytocin in, 370 
prolactin in, 369 

Mitochondria, in sarcoplasm, 296 
Mitral cells, 193 
Modiolus, of cochlea, 179 
Molecule(s), lipid-insoluble, transport of, 59 
movement of, 58, 58 
Monoamine oxidase, 276 
Monoamine oxidase inhibitors, neurotrans¬ 
mitter activity of, 271 
Monosynaptic pathway, in muscle stretch 
reflex, 201 

Morphine, action on analgesia system of, 131 
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Mossy fibers, in cerebellar cortex, 228 
in learning of body movements, 229-230 
Motivation, limbic cortex in, 242, 243 
Motor activity, cognitive control of, caudate 
nucleus in, 235, 236 
spinal cord integration of, 34 
Motor cortex, anatomy of, 15(t) 

Broca's area of, 211, 211 
dominance of, 245 

feedback circuitry uath cerebellum of, 230 
fiber pathways from, 212 
fiber pathways to, 212-213 
functions of, 15{t), 16, 16 
specialized areas of, 211, 211 
hand skill area of, 211, 211 
head rotation area of, 211, 211 
in articulation, 248 
lesions of, effects of, 215 
location of, 15{t), 16, 16 
neurons in, 85, 86 
dynamic, response of, 214 
static, response of, 214 
vertical columnar arrangement of, 214 
primary', anatomy of, 209, 210 
removal of, effects of, 215 
spinal cord excitation by, 214, 214-215 
topographical representation of, 209, 
210 

signal transmission from, to muscles, 
211-213, 212 

somatic sensory feedback to, 214 
vasomotor center control by, 333 
"voluntary" eye movement control by, 
211, 211 

Motor end-plate, 308, 309 
Motor fibers, in bladder, 359 
Motor function, cerebellar cortex destruction 
and, 232-233 

control of, at corticospinal level, 238-239 
at hindbrain level, 238 
at spinal level, 238 
brain stem, 215-217, 216 
by motor cortex, 211, 211 
cerebellar, 224-233 
cortical and brain stem, 209-222 
dominant hemisphere in, 245 
Golgi tendon organ in, 203, 203 - 204 
muscle spindle in, 199-202, 199-203, 204 
of basal ganglia, 233-237, 234-237 
spinal cord organization for, 197-198, 196 
stereotyped, 222 
Motor neurons, anterior, 31, 33 
alpha, 198 

anatomy of, 198, 198 
convergence of motor pathways on, 
214, 214 
gamma, 198 

coactivation of alpha and gamma, in 
muscle contraction, 202 
physiologic anatomy of, 89, 89 
spinal cord and brain neurons vs., 89 
stimulation of, 214, 214-215 
Motor nuclei, of brain stem, 39, 41 
Motor response, definition of, 3 
Motor root, anatomy of, 32, 33, 34 
Motor tracts, functional structure of, 6, 6 
Motor units, in muscle contraction, 306 
summation of, 306 

Movement(s), ballistic, cerebellar control of, 
231-232 

cerebellar timing of, 232 
control of, at corticospinal level, 238-239 
at hindbrain level, 238 
at spinal level, 238 

gross body, control of, basal ganglia in, 
18-19 


Movementfs) (Conthiued) 

reticular formation in, 26 
intensity of, timing and scaling of, basal 
ganglia in, 236, 236 
of distal limbs, cerebellar feedback 
control of, 230-231, 231 
postural, control of, cerebellum, spinal 
cord, and brain stem in, 230 
precise, control of, cerebral cortex in, 
18-19 

sequential, cerebellar planning of, 232 
stepping. See Stepping movements. 
voluntarv, cerebral and cerebellar control 
of, 231 

walking, 206-207, 207 
Muramyl peptide, as sleep promoting 
substance, 266 
Muscarinic drugs, 283-284 
Muscarinic receptors, 277 
Muscle(s), agonist, cerebellar control of, 
228-229 

antagonist, cerebellar control of, 229 
atrophy of, 307 
cardiac. See Cardiac muscle. 
denervation of, effects of, 307 
fatigue of, 306-307 
hypertrophy of, 307 

innervation of, bv brachial plexus nerves, 
48{t) 

length of, effect on muscle contraction of, 
301, 301 

lengthening reaction of, 203 
motor cortex representation of, 210-211 
remodeling of, to match function, 307 
skeletal. See Skeletal muscle. 
smooth. See Smooth muscle. 
spinal cord control of, 197 
voluntary control of, cerebellum in, 
230-232, 231 

Muscle contraction. See also under Cardiac 
muscle-, Skeletal muscle-, Smooth muscle. 
characteristics of, 305, 305-306 
damping of, muscle spindle reflexes in, 
201, 201 

effect of sarcomere length in, 301, 301 
efficiency of, 305 
energetics of, 304-307, 305-306 
energy for, 304-305 
ATP in, 300 
fatigue from, 306-307 
force of, effect of muscle length on, 301, 

301 

initiation of, 302-304, 303-304 
isometric, duration at different muscles 
of, 305, 305-306 
isotonic vs., 305, 305 
maximum strength of, 306 
mechanism of, general, 296-298 
molecular, 298-302, 296-302 
sliding filament, 298, 296 
"walk-along" ("ratchet") theory of, 
300, 300 

muscle spindle in, 202 
onset and offset of, cerebellar control of, 
228-229, 231, 238 
recovery of, in poliomyelitis, 307 
series elastic component of, 305 
somatic sensory transmission of, to motor 
cortex, 214 
summation of, 306 
tetanization of, 306, 306 
troponin in, 299, 299 
velocitv of, relation to load of, 301 -302, 

302 

work output during, 304 
Muscle cramps, 207 


Muscle fibers, contractile forces among, 
Golgi tendon reflex and, 203-204 
extrafusal, contraction of, motor neuron 
coactivation and, 202 
relationship to muscle spindle of, 199, 
199 

intrafusal, contraction of, motor neuron 
coactivation and, 202 
division of, into nuclear bag and 

nuclear chain fibers, 199-200, 200 
relationship to muscle spindle of, 199, 
199 

Muscle receptors, 199 

Muscle spasm, abdominal, in peritonitis, 207 
fractures and, 207 
headache from, 136 
motor cortex lesions and, 215 
pain from, 128 
spinal cord reflexes and, 207 
stretch reflex sensitivity determination 
by, 202, 202-203 
Muscle spindlefs), anatomy of, 103 
continuous discharge of, 200 
in determining joint angulation, 123 
in motor function, with higher motor 
control centers, 204 

in voluntary' motor activity, 202, 202-203 
innervation of, 199, 199 
receptors of, excitation of, 199, 199-200 
function of, 199-200, 199-200 
length of, effects of, 200 
primary endings of, 199, 199-200 
"dynamic" response of, 200 
"static" response of, 200 
secondary endings of, 199, 199-200 
"static" response of, 200 
somatic sensory signal transmission by, in 
muscle contraction, 214 
stretch reflex of. See Muscle stretch reflex. 
structure of, 199, 199 
Muscle stretch reflex, 200-201, 201 
cerebellum in, 238 

clinical applications of, 202, 202-203 
damping function of, in smoothing 
muscle contraction, 201, 201 
dynamic, clinical elicitation of, 202, 202 
static vs., 201 
negative, 201 

neuronal circuitry of, 200-201, 201 
"ser\' 0 -assist" function of, 202 
Musculocutaneous nen-'e, muscles inner¬ 
vated by, 48(t) 

upper extremity course of, 49 
Myasthenia gravis, neuromuscular junction 
dysfunction and, 311 
Myelin sheath, 77, 76 
Myofibril(s), 295, 296 
contracted state of, 298, 296 
relaxed state of, 298, 296 
Myography, of crossed extensor reflex, 205, 
205 

of flexor reflex, 204 
of knee jerk, 202, 202-203 
Myopia, 146, 146 
lens correction of, 147, 147 
Myosin, 295, 296 

Myosin filament(s), cross-bridges of, 296, 

299 

in cardiac muscle, 320 
in smooth muscle, 312-313, 313 
molecular characteristics of, 296, 298-299 
organization of, 297 
overlap with actin filament of, effect on 
tension of, 301, 301 
Myosin head, ATPase activity of, 299 
chemical events in motion of, 300 
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Myosin head (Continued) 

phosphorylation of, in smooth muscle 
contraction, 314 

Myosin kinase, in smooth muscle contrac¬ 
tion, 314 

Myosin phosphatase, in smooth muscle 
contraction cessation, 314 
Myotatic reflex, 200-201, 201. See also 
Muscle stretch reflex. 


Neck, proprioceptors of, in equilibrium 
maintenance, 221 

reflexes of, in equilibrium maintenance, 
221 

Neospinothalamic tract, in transmission of 
fast-sharp pain, 129-130 
termination of, in brain stem and 
thalamus, 129-130 

Neostigmine, acetylcholinesterase inactiva¬ 
tion by, neuromuscular stimulation 
from, 311 

for myasthenia gravis, 311 
parasympathetic potentiating effect of, 284 
Nemst equation, 66-67 
Nemst potential, 66-67 
for chloride ions, 93, 94 
for potassium ions, 69, 69, 93, 94 
for sodium ions, 69, 69, 93, 94 
Nerve(s). See specific types. 

Nerve cell, structure of, 6 
Nerve deafness, audiogram in, 186, 186 
Nerve endings, autonomic, secretion of ace¬ 
tylcholine at, 275-276 
secretion of norepinephrine at, 275-276 
free. See Free nerve endings. 
postganglionic, acetylcholine secretion 
by, 275-276 

norepinephrine secretion by, 275-276 
sympathetic, norepinephrine secretion 
by, 275 

drugs causing, 283 
Nerve fiber(s). See also Axon(s). 
action potential of, propagation of, 

74-75, 75 

afferent, function of, 3 
autonomic, of smooth muscle, 315, 315 
conduction in, velocity of, 78 
effects of temperature on, 136-137, 137 
efferent, function of, 3 
excitation of, by negatively charged 
electrode, 78-79 

functions of, physiological classification 
of, alternate, 106, 107 
general, 106, 106-107 
membrane potential of, measurement of, 
67-68, 67-68 
resting, 68-70, 69 
establishment of, 69 
motor, 199 

functional structure of, 6, 6 
gamma, 199 

control of muscle spindle receptor 
responses by, 200 
myelinated, function of, 5 
saltatory conduction in, 77-78, 78 
structure of, 77, 77-78 
of cerebral cortex, 240, 241 
parallel, 228 

peripheral, structure of, 6 

transmission of tactile sensations in, 
115-116 

"recharging" after action potential of, 75, 
75 


Nerve fiber(s) (Continued) 

sensation transmission by, "labeled line" 
principle of, 102-103 
sensory, excitation of, by receptor 
potential, 104, 104 
functional structure of, 6, 6 
in bladder, 359 

in muscle spindles, 199, 199-200 
sympathetic, skeletal, 274, 274 
to heart, 330 

synchronous firing of, brain wave 
generation from, 268 
type C, substance P release by, 130 
unmyelinated, function of, 5 
structure of, 77, 77-78 
Nerve injury, assessment of, 50, 52 
Nerve signals. See Action potentiaKs). 

Nerve tracts, signal transmission in, of 
different intensity, 107, 107 
Nerve trunks, signal transmission in, 

77-78, 77-78 

Nervi erigentes, sacral parasympathetic 
fibers of, 275 

Nervous system. See also Central nervous 
system (CNS). 
anatomy of, 3, 4 

arterial pressure control by, 333-337, 
334-336 

autonomic. See Autonomic nervous system. 
body fluid osmolality control by, 
337-341, 338, 340 

body water control by, 337-341, 338, 

340 

circulation regulation by, 330-333, 
331-332 

comparison of computer to, 88, 88 
design of, 85-87, 86-87 
fast-sharp pain transmission in, localiza¬ 
tion of, 130 
functions of, 3, 85 
integrative, 86-87 
motor, 86 

gross anatomy of, 11-38. See also 
specific anatomic part, 
hormone secretion control by, 365 
interpretation of color in, 159-161, 160 
major divisions of, 3-6, 4-6 
motor axis of, 87 
motor division of, 86, 87 
parasympathetic. See Parasympathetic 
nervous system. 
peripheral, 3, 4 

respiration control by, 341, 341-347, 
343-346 

sensory division of, 85-86, 86 
slow-chronic pain transmission in, 
localization of, 130 
somatic sensory axis of, 85-86, 86 
stabilization of, inhibitory circuits in, 112 
synaptic fatigue in, \ \ 2, 112 
structure of, 5 - 6, 6 
study of, organization for, 7 
sympathetic. See Sympathetic nervous 
system. 

thermal signal transmission in, 137 
Nervous tissue, structure and function of, 
3-5, 4-5 

Neural cells, supporting and insulating 
functions of, 4 

Neuralgia, glossopharyngeal, 134-135 
trigeminal, 134-135 
Neurofibrils, anatomy of, 5, 5 
Neuroglia, structure and function of, 4-5, 5 
Neurohormones, in brain activity control, 
255-257, 256 


Neurohypophysis. See Pituitary gland, 
posterior. 

Neuromuscular junction(s), 308-312, 
309-310 

fatigue of, 310-311 
neural membrane of, acetylcholine 
release at, 308-309, 309 
of smooth muscle, 315, 315 
physiologic anatomy of, 308, 309 
transmission at, drugs affecting, 311 
"safety factor" for, 310 
Neuron(s), discharge of, intrinsic. 111 
dorsal respiratory group of, inspiratory 
and rhythmical functions of, 341-342 
excitation of, electrical events during, 93, 
93-95, 95 
threshold for, 95, 95 
excitatory state of, 98 
increasing levels of, neuronal responses 
to, 99, 99 

intrinsic, continuous discharge from, 

111 , 111 

relation to frequency of firing of, 99, 99 
excited, 95 
facilitation of, 97 
effects of, 110 
function of, 4 

functional structure of, 6, 6 
inhibited, 95 

inhibition of, effects of, 110 
electrical events in, 95-97, 97 
without causing inhibitory postsynaptic 
potential, 95-96 
inhibitory state of, 98 
in reciprocal inhibition circuit, 109, 110 
motor. See Motor neurons. 
neurotransmitter secretion by, 89 
nonsynchronous firing of, brain wave 
generation from, 268 
norepinephrine secretion by, 271 
of cerebral cortex, functions of, 119, 119 
of CNS, structure of, 85, 86 
of spinal cord gray matter, functions of, 
117 

postganglionic. See Postganglionic neurons. 
postsynaptic, 89 

action of transmitter substance on, 90, 
90-91 

presynaptic, 89 

re-excitation of, by dendrites, 98 
response characteristics of, to increasing 
levels of excitatory state, 99, 99 
resting, 95 

retinal, neurotransmitters released by, 162 
role in immediate memory of, 250 
serotonin secretion by, 271 
structure of, 4-5, 5 
synaptic functions of, 88-89 
synchronous firing of, brain wave 
generation from, 268 
ventral respiratory group of, inspiratory 
and expiratory functions of, 342 
vertical columns of, in somatic sensory 
cortex, 119-120 

Neuronal centers, rebalancing of, sleep in, 
267 

Neuronal circuit(s), continuous signal 
output from, intrinsic neuronal 
excitability and. 111, 111 
reverberating circuits and. 111, 111 
excitatory and inhibitory output signals 
of, 109, 110 
instability of, 112, 112 
reciprocal inhibition of, 109, 110 
rhythmic output signals of. 111, 111 
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Neuronal drcuit(s) (Continued) 
stability of, 112, 112 

Neuronal excitability, continuous discharge 
caused by. 111 

Neuronal pool(s), discharge zone of, 108, 

108 

facilitated zone of, 108, 108 
inhibitory zone of, 108-109 
output signals of, excitatory' and 
inhibitory, reciprocal inhibition 
circuit causing, 109, 120 
signal prolongation by, reverberatory' 
(oscillatory) circuit in, 110, 110 
characteristics of, 110, 110-111 
synaptic afterdischarge in, 110 
signals passing through, convergence of 
multiple source, 109, 109 
single source, 109, 109 
divergence of, amplify'ing, 109, 109 
multiple tract, 109, 109 
relaying of, 108-109, 108-110 
organization for, 108, 108 
transmission and processing of, 
107-111 

ty'pes of, 107-108 
Neuronal soma, anatomy of, 89, 89 
ion concentration differences across, 93, 
93-94 

membrane of, 93, 93-94 
membrane potential changes in, during 
and following action potential, 
98-99, 99 

resting membrane potential of, 93, 93 
origin of, 94 

uniform distribution of potentials inside 
of, 94 

Neuropeptide(s), as neurotransmitters, 

91(t), 92-93 

removal from synapse of, 93 
Neurotransmitter(s), action on postsynaptic 
neuron of, 90, 90-91 
chemical substances functioning as, 91(t), 
91-93 

excitatory, 90 

at smooth muscle neuromuscular 
junctions, 315 
function of, 5 

in basal ganglia, functions of, 236-237, 
237 

in synaptic transmission, 89 
inhibitory, 90 

at smooth muscle neuromuscular 
junctions, 315 

loss of, psychosis and dementia from, 

271 

neuropeptide, slowly acting, 91(t), 92-93 
norepinephrine as, 333 
of type C nerve endings, 130 
removal of, from synapse, 93 

mechanisms of, at postganglionic nerv'e 
endings, 275-276 

secretion of, at presynaptic terminal, role 
of calcium ions in, 90 
by adrenergic fibers, 275-276 
by brain, 256, 256-257 
by cholinergic fibers, 275-276 
by retinal neurons, 162 
mechanisms for, at postganglionic 
nerve endings, 275-276 
small-molecule, rapidlv acting, 91(t), 
91-92 

recycling of, 92 
release of, 93 

removal from synapse of, 93 
Nicotine, muscle fiber stimulation by, 311 


Nicotine (Continued) 

postganglionic neuronal stimulation bv, 
284 

Nicotinic receptors, 277 
Night blindness, 156 
Nissl bodies, anatomy of, 5, 5 
Nociceptive reflex, 204 
Nociceptors, classification of, 102, 103(t) 
Nocturnal emissions, 374 
Node of Ranv'ier, 77, 78 
action potentials at, 77, 78 
Neorepinephrine, organ sensitivity to, 
denervation and, 281, 281 
Norepinephrine, as neurotransmitter, 91{t), 
92 

in basal ganglia, 237, 237 
as sympathetic vasoconstrictor transmitter 
substance, 333 
chemical structure of, 276 
duration of action of, 276 
effects of, 279 
behavioral, 271 

on alpha and beta receptors, 277 
on arterial pressure, 332, 332-333 
on smooth muscle contraction, 317 
in chemical thermogenesis, 362 
in smooth muscle autonomic nerv'e fibers, 
315 

organ sensiti\'ity to, denervation and, 

281, 281 
removal of, 276 

secretion of, adrenal medullary stimula¬ 
tion and, 279 

at smooth muscle neuromuscular 
junctions, 315 

by adrenergic nerve fibers, 275-276 
by locus ceruleus, 256, 256 
by postganglionic nerve endings, 
275-276 

by sympathetic nerve endings, 349 
drugs causing, 283 
pharmacologic blockage of, 283 
reduction in, depression from, 271 
sympathetic stimulation and, 274, 328 
synthesis of, 276 
pharmacologic blockage of, 283 
Norepinephrine system, relation to depres¬ 
sion of, 271 

Nose, mucous membranes of, irritation of, 
headache from, 136 
Nuclear bag fibers, 199-200, 200 
Nuclear chain fibers, 199-200, 200 
Nucleolus, anatomy of, 5, 5 
Nucleus, anatomy of, 5, 5 
definition of, 17 
Nucleus ambiguus, 39, 41 
ventral respiratory group of neurons in, 
342 

Nucleus basalis of Meynert, loss of 
acetylcholine-secreting neurons in, 
Alzheimer's disease from, 272 
Nucleus interpositus, control of distal limb 
movements by, 230-231, 232 
Nucleus parabrachialis, pneumotaxic center 
of, respiratory control by, 342 
Nucleus precommissuralis, flexing move¬ 
ment control by, 222 

Nucleus retroambiguus, ventral respiratory 
group of neurons in, 342 
Nystagmus, cerebellar, 233 


Obesity, 357-358 
abnormal feeding regulation and, 
357-358 


Obesity (Continued) 

effect of muscular activity on energy 
output in, 357 

energy input vs. energy output in, 357 
genetic factors in, 357-358 
hypothalannic abnormalities and, 357 
psychogenic, 357 

Obturator intemus, innervation of, 52(t) 
Obturator nerve, anatomy of, 50-52, 52 
muscles innervated by, 52(t) 

Occipital lobe, anatomy of, 12, 22-23, 15(t) 
Occipital ner\’e, lesser, 47, 48 
Ocular nucleus, in stabilization of eyes, 221 
Oculomotor nerve(s), anatomy of, 2 9, 40, 
42,42 

connection with brain of, 40(t) 
function of, 40(t) 

Oculomotor nuclei, 27, 39, 42 
function of, 26, 26 
Odor blindness, 192 
Odorant binding proteins, 192 
olfactory cell stimulation by, 192 
Olfaction, brain structures for, 193 
Olfactory areas, lateral, 193-194 
medial, 193 

Olfactor)' bulb, 40, 41, 292 
anatomy of, 23 

centrifugal control of activity in, bv CNS, 
194 

transmission of olfactory signals into, 292, 
193 

Olfactory'cells, 191, 191 
action potentials in, 192 
adaptation in, 192 

excitation of, mechanism of, 191-192 
membrane potentials in, 192 
relationship to olfactory bulb of, 292, 193 
stimulation of, 191-192 
Olfactory hairs, 191, 292 
Olfactory membrane, 191, 292 
depolarization of, 192 
organization of, 2 92 
Olfactory nerv'e(s), 292 
anatomy of, 40, 41 
connection with brain of, 40(t) 
electrical activity in, 194 
function of, 40(t) 

Olfactory pathways, into CNS, 193-194 
new finings in, 194 
Olfactory receptors, adaptation in, 192 
Olfactory stimulants, classification of, 192 
Olfactory system, neural connections of, 292 
Olfactory tract, anatomy of, 23, 40, 41 
electrical activ'ity in, 194 
Olivary nucleus, inferior, function of, 27(t), 
28, 29 

motor cortex fiber passage through, 212 
superior, auditory pathways of, 183, 183 
retrograde, 185 

in sound direction detection, 185 
Olive, medullary, 26, 28 
Olivocerebellar tract, 225-226, 226 
Olivospinal tract, 34, 35 
Opercula, anatomy of, 24, 15 
Operculorinsular area, transmission of taste 
signals through, 190, 190 
Ophthalmic nerv'e, anatomy of, 42, 43 
Ophthalmoscope, 149-150 
optical system of, 249 

Opponens digiti minimi, innervation of, 48(t) 
Opponens pollicis, innervation of, 48(t) 
Optic chiasm, 40, 42 
anatomy of, 23 

destruction of, effect of, 168, 172 
Optic nerve, anatomy of, 23, 29, 40, 41-42 
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Optic nerve (Continued) 

connection with brain of, 40(t) 
destruction of, effect of, 172 
function of, 40(t) 

Optic radiation, anatomy of, 14, 19, 19 
destruction of, effect of, 172 
Optic tract, 40, 42 
interruption of, effect of, 168, 172 
Optical instruments, 249, 149-150 
Optics, of vision, 141-151 
physical principles of, 141-144, 242-244 
Oral receptors, feeding regulation by, 357 
Organ of Corti, 178, 178-179 
function of, 180-182, 181 
relationship to spiral ganglion and 
cochlear nerve of, 178, 181 
Orgasm, female, 375 
male, 374 

Oscilloscope, cathode ray, for recording 
action and membrane potentials, 
79-80, 80 

Osmoreceptor(s), 337 
excitation of, 337-338 
in ADH seaetion, 338-339 
thirst mechanism activation by, 339 
Osmoreceptor-antidiuretic hormone feed¬ 
back control system, extracellular fluid 
sodium concentration and osmolality 
control by, 337-339, 338 
Osmosodium receptors, 337 
Ossicular system, impedance matching by, 
177 

tympanic membrane and, 177-178, 178 
Otoliths, 218, 228 

Ovarian hormones, concentration of, during 
female sexual cyxle, 372, 372 
postovulatory secretion of, gonadotropin 
depression and, 372, 372 
Ovulation, hormone secretion preceding, 373 
luteinizing hormone secretion before, 
effect of estrogen on, 372, 372 
Oxygen, cerebral requirements for, 290-291 
consumption of, effect of exercise on, 

345,345 

deaeased arterial levels of, chemorecep- 
tor stimulation by, 345, 345 
deficiency of, cerebral blood flow 
regulation by, 285-286 
metabolism of, in muscle contraction, 305 
respiratory center control by, unimpor¬ 
tance of, 344 

Oxytocin, effect on milk ejection of, 

' 259-260, 370 

effect on smooth muscle contraction of, 
317 

functions of, 259-260, 370 
in uterine contractility, 259-260 
secretion of, copulation and, 375 
h^'pothalamus in, 259-260 
posterior pituitary in, 366, 369 


Pacemaker, ectopic, 327 
sinus node as, 327 
Pacemaker waves, 316 
Pacinian corpuscle(s), adaptation of, 105 
anatomy of, 203 
as tactile receptors, 115 
central nerve fiber of, 204 
receptor potential of, 204, 104-105 
mechanism for, 104, 204 
vibratory signals in, 122 
Pain, abdominal, parietal pathways for, 
134,234 
acute, 127 


Pain (Continued) 
appendix, 134, 234 
biliary, 133 
bronchial, 133 
cardiac, 133, 233 
causes of, muscle spasm in, 128 
rate of tissue damage in, 128, 228 
tissue ischemia in, 128 
chronic, 127 
classification of, 127 
clinical abnormalities of, 134-135, 235 
control of, in brain and spinal cord, 232, 
131-132 
CTamping, 133 

dual pathways for, in spinal cord and 
brain stem, 229, 129-130 
fast, 127 
gallbladder, 133 
gastric, 133 
hepatic, 133 
hypersensitivity to, 134 
neural pattern of stimulation of, 107, 207 
parietal, transmission pathways of, 
133-134, 234 
visceral damage and, 133 
pleural, 133 
purpose of, 127 
referred, 132 

from visceral organs, surface areas of, 
233, 133-134 
headache as, 135 
mechanism of, 132, 232 
through visceral pathways, localization 
of, 233, 133-134 
slow, 127 
thoracic, 132-133 

treatment of, electrical stimulation in, 132 
ureteral, 133 
uterine, 133 

visceral, 132-134, 233-234 
causes of, 132-133 
chemical stimuli in, 133 
hollow viscus spasm and overdisten¬ 
tion in, 133 
ischemia in, 133 

localization of, 133-134, 233-234 
transmission pathways of, 133-134, 
233-234 

Pain fibers, "fast," 129, 229 
peripheral, 129, 229 
"slow," 129, 229 
Pain pathways, fast-sharp, 129 
"parietal," 133-134, 234 
slow-chronic, 129 
surgical interruption of, 130-131 
"visceral," 233, 133-134 
Pain receptors, as free nerve endings, 127 
chemical, stimulation of, 127-128 
bradykinin in, 128 
mechanical, stimulation of, 127-128 
nonadapting nature of, 128 
stimulation of, 127-128, 228 
thermal, stimulation of, 127-128 
Pain reflex, 204 

Pain signals, fast-sharp, transmission 
through CNS of, 129, 229 
inhibition of, tactile sensory signals in, 132 
nerv'ous system arousal by, 130-131 
slow-chronic, termination in brain stem 
and thalamus of, 229, 130 
transmission of, 129, 229 
transmission into CNS of, dual pathways 
for, 128-131, 229 

Palate, location of taste buds on, 189 
Paleospinothalamic pathway, in transmis¬ 
sion of slow-chronic pain, 229, 130 


Palmaris longus, innervation of, 48(t) 
Parahippocampal gyrus, 257, 258 
location and function of, 20(t), 24 
Parallax, moving, determination of distance 
by, 149 

Paralysis, familial periodic, potassium ion 
concentration and, 79 
Paraolfactory area, relationship to hypo¬ 
thalamus of, 257, 258 

Parasympathectomy, denervation supersen¬ 
sitivity from, 281, 282 

Parasympathetic nervous system, acetylcho¬ 
line seaetion by, 275 
bladder innervation by, 359 
cardiac function control by, 330-331, 332 
defecation reflex control by, 352-353, 353 
denerv'ation of, supersensitivity from, 

281, 282 

erection control by, 374, 374, 375 
food movement control by, 352 
functions of, 275-281 
gastrointestinal innerv'ation by, 348 
lubrication control by, 374, 375 
pelvic branches of, 52, 53 
physiologic anatomy of, 274-275, 275 
postganglionic neurons of, 275 
cholinergic, 275 

stimulation of, acetylcholine in, 284 
nictotine in, 284 
preganglionic neurons of, 275 
cholinergic, 275 

salivation regulation by, 353, 353-354 
stimulation of, 282 
cardiac effects of, 328 
excitatory and inhibitory actions of, 
277-279, 278(t) 
frequency required for, 280 
sleep and, 267 
"tone" of, 280-281 

loss of, denervation and, 280-281 
Paras>mipathomimetics, 283 
Parietal cortex, postcentral gvnrus in, 

transmission of taste signals through, 
190,290 

Parietal lobe, anatomy of, 12, 22-23, 15(t) 
Parietal pleura, pain sensitivity of, 133 
Parieto-occipital sulcus, anatomy of, 12, 22- 
23 

function of, 12, 15(t) 

Parkinson's disease, 237 
motor effects of, 237 
substantia nigra lesions and, 235, 271 
treatment of, coagulation of thalamic nu¬ 
clei in, 237-238 
L-Dopa in, 237 
Past pointing, 233 

Patch-clamp method, for recording ion 
current flow through protein channels, 
61, 61 

Pectineus, innerv^ation of, 52(t) 

Pectoralis muscles, innervation of, 48(t) 
Pelvic nerves, 275 
bladder innerv^ation by, 359 
parasympathetic transmission by, in 
defecation, 352 

Penis, autonomic stimulation of, 278(t) 
erectile tissue of, 374, 374 
Pentolinium, ganglionic blocking action of, 
284 

Peptide(s), acting on brain and gut, as 
neurotransmitters, 91(t) 

Periaqueductal gray matter, function of, 26 

Perimetry, 272, 171-172 

Peripheral nerve(s), gross anatomy of, 

39-54. See also Cranial nerve(s); Spinal 
nerve(s) and specific nerve. 
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Peripheral nerve{s) (Continued) 
structure of, 6 

Peripheral nervous system, anatomy of, 3, 4 
Peristalsis, esophageal, 352 
gastrointestinal, 350, 350 
Peristaltic waves, esophageal, 352 
gastrointestinal, toward anus, 350 
Peritonitis, abdominal muscle spasm in, 207 
Perivascular spaces, CSF and, 289, 289 
drainage into subarachnoid space of, 289, 
289 

lymphatic function of, 289 
Peroneal nerve(s), common, 53, 53 
deep, 53, 53-54 
superficial, 53, 53-54 
Peroneus muscles, innervation of, 52(t) 

Petit mal epilepsy, 270, 270 
Pharyngoesophageal sphincter, in swallow¬ 
ing, 351 

Phenoxybenzamine, adrenergic blocking 
ability of, 283 

Phentolamine, adrenergic blocking ability 
of, 283 

Phenylephrine, alpha receptor stimulation 
by, 283 

Phenylthiocarbamide, taste blindness to, 189 
Phosphocreatine, ATP reconstitution by, in 
muscle contraction, 305-306 
Phosphodiesterase, in rod receptor 
potential, 157 
Photopsin, in cones, 158 
Phrenic nerve, anatomy of, 47, 48 
Physiologists, sensory, alternate nerve fiber 
classification used by, 106, 107 
Physostigmine, acetylcholinesterase inacti¬ 
vation by, neuromuscular stimulation 
from, 311 
Pia mater, 289 
anatomy of, 36, 36-37 
Pigment, color-sensitive, absorption 
characteristics of, 158, 358 
concentration of, relationship of 
sensitivity to, 158 

Pilocarpine, parasympathomimetic effects 
of, 283 

Piloerection, in temperature regulation, 362 
Piloerector muscles, effects of autonomic 
stimulation on, 278(t) 

Pineal body, anatomy of, 34 
Pituitary gland, anatomy of, 33, 365, 366 
anterior, gonadotropic hormone secretion 
by, 370 

hormones secreted by, 365-366 
metabolic functions of, 366 
physiological functions of, 367-369 
releasing and inhibitory hormonal 

secretion by, hypothalamic control 
of, 260 

embryology of, 365 
posterior, hormones of, function of, 
369-370 
secretion of, 366 

hypothalamic control of, 369, 369 
relation to hypothalamus of, 369, 369- 
370 

relationship to hypothalamus of, 

365- 369,366-367 

secretions of, hypothalamic control of, 

366- 367, 367 

Pituitary peptides, as neurotransmitters, 91(t) 
Placidity, reward center stimulation and, 

262 

Pneumotaxic center, for respiratory control, 
341,343 

functions of, in inspiration and respira¬ 
tory rate, 342 


Poliomyelitis, recovery of muscle contrac¬ 
tion in, 307 

Pons, anatomy of, 32-33, 20, 26, 26-28, 28 
autonomic control areas of, 282-283, 283 
function of, 27(t) 

reticular substance of, vasomotor center 
control by, 332, 333 
tegmentum of, 28, 28 
function of, 27(t) 
ventral part of, 26-28, 28 
function of, 27(t) 

Pontine nuclei, 28, 28 
Pontocerebellar fibers, motor cortex signal 
transmission through, 212 
Popliteus, innervation of, 52(t) 

Position senses, 123 
processing of signals of, in dorsal 

column-lemniscal system, 123, 323 
Positive supportive reaction, 206 
Postganglionic nerve endings, acetylcholine 
secretion by, 275-276 
norepinephrine secretion by, 275-276 
Postganglionic neurons, parasympathetic, 
275 

of enteric nervous system, 348 
stimulation of, nicotine in, 284 
sympathetic, 273-274, 274 
of enteric nervous system, 349 
Postsynaptic inhibition, 96 
Postsynaptic membrane, effect of inhibitory 
synapses on, 95, 95 

effect of synaptic excitation on, 94-95, 

95 

Postsynaptic neuron, 89 

action of transmitter substance on, 90, 
90-91 

Postsynaptic potential(s), excitatory, 94-95, 
95 

creation of, 96, 97 
near ends of dendrites, 98, 98 
simultaneous summation of, 97 
inhibitory, 95, 95 
creation of, 96 

simultaneous summation of, 97 
summation of, 96, 97 
spatial, 96-97, 97 
temporal, 97 
time course of, 96 

Postsynaptic receptor(s), excitatory, 91 
inhibitory, 91 

Post-tetanic facilitation, 100 
Posture, function of baroreceptors in, 335 
reflexes of, 206-207 
vestibular, 220-221 
Potassium channels, in cardiac action 
potential, 322, 324 

voltage-gated, activation of, 71-72, 72 
changes in conductance of, 72 - 73, 
72-73 

Potassium ions, active transport of, 68-69 
as "stabilizers" of membrane excitability, 
79 

co-transport of, 64 

diameter of, lipid bilayer permeability 
and, 59(t) 

distribution across neuronal somal 
membrane of, 93, 93-94 
Nemst potential of, 69, 69 
transport of, 63, 63-64 
through protein channels, 60, 60 
Power law, in detection of loudness, 182 
in detection of stimulus strength, 
122-123, 323 

Prefrontal cortex, feeding control by, 356 
Preganglionic neurons, sympathetic, 273, 
274 


Pregnancy, breast development during, 
prolactin and, 369 

Prepyriform cortex, in lateral olfactory area, 
193 

Presbyopia, 145 

Pressure, interrelationship with touch and 
vibration of, 114 
Pressure buffer system, 335 
Prestitial nucleus, raising movement control 
by, 222 

Presynaptic inhibition, 96 
Presynaptic neuron, 89 
Presynaptic terminal(s), chemical and 
physical changes in, short-term 
memories from, 250, 250-251 
facilitation of, in immediate memory, 250 
inhibition of, in immediate memory, 250 
physiologic anatomy of, 89-90, 89-90 
structure and function of, 4-5, 5 
transmitter release at, role of calcium ions 
in, 90 

Prodynorphin, in brain opiate system, 132 
Proenkephalin, in brain opiate system, 132 
Progesterone, negative feedback effect of, 
on secretion of FSH and LH, 372 
Progression, failure of, 233 
Prolactin, milk secretion control by, 369 
secretion of, by anterior pituitary, 366 
Prolactin inhibitory factor, function of, 367 
Pronator muscles, innervation of, 48(t) 
Proopiomelanocortin, in brain opiate 
system, 132 

Propranolol, adrenergic blocking ability of, 
283 

Proprioceptive information, in equilibrium 
maintenance, 221 

Proprioceptive reflex, stimulatory, in 
controlling ventilation rate, 346 
Propriospinal fibers, 198 
Propriospinal tracts, 34, 34 
Prosencephalon. See Cerebrum; Diencephalon. 
Prosophenosia, 243, 243 
Protein, carrier, 57, 58 

in active transport, 63-64 
in sodium-potassium "pump," 63, 63 
odorant binding, 192 
transport, 57, 58 

Protein channels, characteristics of, 60 
gating of, 60-61, 60-63 
ligand-, 60 

open and closed states of, 60-61, 63 
voltage-, 60 

potassium-sodium leakage through, 69, 69 
selective permeability of, 60, 60 
simple diffusion through, 59-61, 60-63 
Protein kinase, activation of, enzyme 
receptors in, 90 
in memory, 250, 250 
Psoas major, innerv'ation of, 52(t) 
Psychomotor seizure, 270, 270-271 
Psychosis, manic-depressive, norepineph¬ 
rine and serotonin systems in, 271 
mental depression, 271 
neurotransmitters in, 271 
Pterygoid muscle, 42, 43 
Puberty, female onset of, 373, 373 
male onset of, 371 
Pudendal nerv^e, anatomy of, 52, 53 
bladder innerv'ation by, 359 
muscles innerv^ated by, 52(t) 

Punishment, hypothalamic control of, 260 
Pupil(s), accommodation reflex of, 176 
aperture of, 145-146 
diameter of, autonomic control of, 176 
light reflex of, 375, 176 
reflexes of, in CNS disease, 176 
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Pupillary light reflex, function of, 176 
neuronal pathway for, 175, 176 
Pupillary reflexes, in CNS disease, 176 
Purkinje cell, as functional unit of cerebel¬ 
lum, 227, 227 
continual firing of, 228 
correction of motor errors by, 229-230 
Purkinje fibers, 323, 323 
action potential from, 321, 321 
plateau of, 76, 76 

cardiac impulse transmission in, 325-326 
discharge rate of, 327 
pacemaker function of, A-V block and, 327 
role in synchronous ventricular muscle 
contraction of, 327 
vetricular distribution of, 326 
Putamen, 233 
anatomy of, 14, 17, 17-18 
GABA-secreting neurons in, loss of, 
Huntington's chorea and, 238 
lesions in, flicking movements from, 235 
motor cortex fiber passage through, 212 
Putamen circuit, 234-235, 235 
neural pathw’ays of, for executing 

movement patterns, 234-235, 235 
PyTamid(s), medullar\^ function of, 28, 29 
PVTanudal cells, 240, 241 
giant, 212 

PvTamidal neurons, dynamic and static 
signals transmitted by, 214 
PyTamidal tract. See also Corticospinal tract. 
motor signal transmission through, 
211 - 212 , 212 

Pyridostigmine, parasympathetic potentiat¬ 
ing effect of, 284 

Pyriform cortex, in lateral olfactory area, 193 
Pyrogens, effect on temperature regulation 
of, 363 

fever from, 363 


Quadratus muscles, innervation of, 52(t) 
Quadriceps femoris, innerv'ation of, 52{t) 
Quadriplegia, neural effects of, 48 


Radial nerv'e, muscles innervated by, 48(t) 
upper extremity course of, 49, 50 
Rage, limbic cortex ablation and, 263 
symipathetic stimulation in, 282 
Rage pattern, 262 

Ramp signal, in inspiration, 341-342 
Raphe nuclei, in analgesia system, 131, 132 
lesions of, w'akefulness from, 266 
serotonin secretion by, 256, 256-257 
stimulation of, sleep from, 266 
Reaction, magnet, 206 
positive supportive, 206 
Rebound reflex, 233 
Receptor(s). See also Sensory receptoiis); 
Thermal receptors. 
acetylcholine, 277 
adrenergic, 277, 277(t) 
cholinergic, 277 
effector, 27S-277 

enzvme, effect on postsynaptic neuron 
^of, 90-91 

excitatory, at smooth muscle neuromus¬ 
cular junction, 315 
hormone-gated, effect on smooth 
muscle contraction of, 317 
expanded tip, anatomy of, 203 
function of, 90, 90-91 


Receptor(s) (Conthwed) 

inhibitory, at smooth muscle neuromus¬ 
cular junction, 315 
hormone-gated, effect on smooth 
muscle contraction of, 317 
Receptor potential(s), amplitude of, 104 
definition of, 103 
for taste, 190 
mechanisms of, 103-104 
of hair cells, auditory nerv^e fiber 
excitation and, 181-182 
of pacinian corpuscles, 104, 104-105 
of rods, duration of, 157 
hyperpolarization of, 156-157, 257 
logarithmic relationship to light 
intensity of, 157 

relationship between stimulus intensitv 
and, 204, 104-105 

relationship to action potential of, 104, 104 
Receptor protein, automatic down- and 
upgrading of, long-term changes in 
synaptic sensitivity from, 112 
physiologic anatomy of, 90, 90 
smooth muscle fiber activation by, 315 
structural changes in, inhibition and 
excitation from, 276-277 
Receptor reflex, volume, effect on ADH- 
thirst control mechanism of, 340, 341 
Recti muscles, anatomy of, 172, 2 72 
Red nucleus, 27 
anatomy of, 20 

basal ganglia function uith, 18 
function of, 26, 27, 27{t) 
magnocellular portion of, 213 
motor cortex fiber passage through, 212 
spinal cord excitation by, 224, 214-215 
transmission of cortical signals by, to 
spinal cord, 223, 213-214 
Reflex(es), autonomic, in spinal cord, 
207-208 
cheudng, 350 

crossed extensor, 204-205, 205. See also 
Extensor reflex, crossed. 
defecation, 352-353 
fatigue, 204, 204 

flexor, 204, 204-205. See also Flexor reflex. 
galloping, 206-207 
gastrointestinal, 349, 352 
light. See Light reflex. 

"mark time," 206, 207 
mass, 207-208 
micturition, 359 
myenteric, 350 

neck, in equilibrium maintenance, 221 
nociceptive, 204 
of locomotion, 206-207, 207 
of posture, 206-207 
pain, 204 

peristaltic, 350, 350, 352 
rebound of, 233 
scratch, 207 

sexual, autonomic control of, 281 
spinal cord, causing muscle spasm, 207 
stretch. See also Muscle stretch reflex. 

clinical applications of, 202, 202-203 
vestibular postural, 220-221 
withdrawal, 204. See also Flexor reflex. 
Reflex arc, 175 
simple, 6 

Reflex mechanisms, negative feedback, in 
arterial pressure maintenance, 334 
Refraction, errors of, 146-147, 146-148 
of light rays, 141, 142 
principles of, application to lenses of, 
141-142, 142-143 


Refractive index, of transparent substance, 
141 

Reissner's membrane, 178, 179 
Renshaw cell inhibitory system, 198 
Reserpine, adrenergic blocking ability of, 283 
Respiration, nervous system regulation of, 
341, 341-347, 343-346 
rhythm of, generation of, 341 
Respiratory center, chemosensitive area of, 
343, 343 

neuronal response to hydrogen ions in, 
343 

stimulation of, blood carbon dioxide 
levels in, 343, 343-344 
CSF carbon dioxide levels in, 343-344 
inspiratory area of, stimulation of, by 
chemosensitive area, 343, 343 
of reticular formation, function of, 29 
organization of, 341, 341 
rhythmical output of. 111, 111 
Respirator)' control, 342 
by carbon dioxide, 343-344, 343-344 
by hydrogen ions, 343-344, 343-344 
chemical, 342-344, 343-344 
dorsal respirator)' group of neurons in, 
341-342 

during exercise, 345-346, 345-347 
chemical and nervous factors in, inter¬ 
relationship of, 346, 346 
oxygen in, 344-345, 345 
peripheral chemoreceptors in, 344-345, 
345 

pneumotaxic center in, 342 
stretch receptors in, 342 
unimportance of oxygen in, 344 
ventral respiratorv' group of neurons in, 
342 

Respiratory rate, increases of, pneumotaxic 
center in, 342 

Reticular activating system, in brain stem, 
auditory mechanisms of, 183 
in wakefulness, 266 
Reticular excitatory area, of brain stem, 
254-255, 255 

acetylcholine secretion by, 257 
excitation of, 255 
Reticular formation, 27-28, 28 
function of, 26, 27(t) 
functional areas of, in medulla and pons, 
29, 29 

of tegmentum, 26 
pain perception by, 130 
Reticular lamina, 181, 181 
Reticular nucleus, anatomy of, 216, 216 
body support against gravity and, 216, 
216-217 

medullary, inhibitor)' signal transmission 
by, 216, 216-217 

pontine and medullary, excitatory-inhibi¬ 
tory antagonism between, 216, 216 
pontine and mesencephalic, turning 
movement control by, 222 
Reticulocerebellar fibers, 226, 226 
Reticulocerebellar tract, motor cortex fiber 
passage through, 212 
Reticulospinal tract, 34, 35 
medullary, inhibitory signal transmission 
through, 216, 216 

motor cortex fiber passage through, 212 
pontine, excitatory signal transmission 
through, 216, 216 
Retina, amacrine cells of, 161, 161 
functions of, 163 
anatomy of, 153-155, 154-155 
arterial system and choroid of, 155 
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Retina (Continued) 
bipolar cells of, 161, 161 
depolarizing, 163 
excitation of, 165, 165 
hyperpolarizing, 163 
blood supply of, 155 
detachment of, 155 
formation of image on, 145 
foveal region of, 153, 154 
visual pathway from, neurons of, 161, 
162 

function of, 153-155, 154-155 
ganglion cells of, 161, 161 

color signal transmission by, 165 
connectivity of, 163 
excitation of, 164, 164 
in visual contrast signal transmission, 
164-165, 165 

response to changes in light intensity 
by, 164, 164 

spontaneous continuous action 
potentials in, 164 
types of, 163-164 
types of signals transmitted by, 
164-165, 165 

horizontal cells of, 161, 161 
function of, 162, 162 
inhibition of, 165, 165 
interplexiform cells of, 161, 161 
layers of, 153, 154 
macula of, 153, 154 

neural function of, 161-162, 161-165, 
164-165 

neural organization of, 161, 161-162 
neurons of, neurotransmitters released by, 
162 

plans of, 154 

peripheral, neural connections for, 161, 
162 

pigment layer of, 154-155 
receptor and neural function of, 153-165 
rods and cones of. See Cones; Rods. 
sensitivity of, automatic regulation of, 

158, 158-159 

signal transmission in, electrotonic 
conduction in, 162 

visual pathways of, from receptors to 
ganglion cells, 161, 161-162 
Retinal, all-fraws form of, 156 
CIS form of, 156 
in formation of rhodopsin, 155 
Retinitis pigmentosa, 172 
Reverberatory (oscillatory) circuit, as cause 
of afterdischarge, 110, 110 
characteristics of, 110, 110-111 
Rhodopsin, activation of, hyperpolarization 
from, 156-157, 157 
decomposition of, by light energy, 
155-156, 156 

decreased membrane sodium conduct¬ 
ance from, 157 

formation of, vitamin A in, 156, 156 
in rods, 153 

reformation of, 156, 156 
Rhodopsin-retinal visual cycle, 155-156, 
156 

Rhombencephalon, components of, 11 
terminology for, 11, 14(t) 

Rhomboideus major, innervation of, 48(t) 
Rhythmicity, in action potential, 76, 76-77 
"Right-handedness," cause of, 245 
Rigidity, decerebrate, 217 
in Parkinson's disease, 237 
Rods, anatomy of, 153-154, 154-155 
connectivity of ganglion cells with, 163 


Rods (Continued) 

excitation of, in decomposition of 
rhodopsin, 156-157, 157 
membranous structures of, 155 
receptor potential of, excitation "cascade" 
in, 157 

hyperpolarization of, 156-157, 157 
Rods of Corti, 181, 181 
Rubrospinal tract, 34, 35 
motor cortex fiber passage through, 212 
Ruffini's end-organs, anatomy of, 103 
as tactile receptors, 115 
Rugae, bladder, 358 


S-A node. See Sinus node. 

Saccule, in determining head orientation, 
218, 218 

in maintenance of static equilibrium, 219 
Sacral plexus, anatomy of, 48, 52-53, 53 
major nerves of, muscles innervated by, 
52(t) 

Salivation, parasympathetic regulation of, 
353, 353-354 

Salivatory nucleus, taste transmission by, 190 
Salts, taste and, 188, 189(t) 

Sarcolemma, 295 
Sarcomere, 296, 296 

length of, effect on muscle contraction of, 
301,301 

Sarcoplasm, of skeletal muscle fiber, 296 
Sarcoplasmic fluid, removal of calcium ions 
from, 303-304 

Sarcoplasmic reticulum, calcium ion release 
by, 303-304, 304 

in smooth muscle contraction, 317-318, 
318 

of skeletal muscle fiber, 296, 297 
Sarcoplasmic reticulum-transverse tubule 
system, 302-303, 303 
Sartorius, innervation of, 52(t) 

Satiety, definition of, 355 
Satiety center, 355-356 
glucoreceptor neurons in, blood glucose 
levels and, 356 
in hypothalamus, 260 
Scala media, 178, 178-179 
Scala tympani, 178, 178-179 
Scala vestibuli, 178, 178-179 
Scapular nerve, dorsal, muscle innervated 
by, 48(t) 

Schizophrenia, mesolimbic dopaminergic 
system dysfunction and, 271-272 
Schwann cells, function of, 4 
nerve fiber insulation by, 77, 78 
Sciatic nerve, anatomy of, 51, 53, 53-54 
muscles innervated by, 52(t), 53 
Sclerosis, of middle ear, conduction deaf¬ 
ness from, 186, 186 

Scopolamine, cholinergic activity blocking 
by, 284 

Scotomata, 172 

Scotopsin, in formation of rhodopsin, 155 
Scratch reflex, 207 

Semicircular ducts, ampulla of, 219, 229 
arrangement of, 218-219 
detection of head rotation by, 219-220, 
220 

"predictive" function of, in equilibrium, 
220 

stimulation of, rate of angular accelera¬ 
tion required for, 220 
Semimembranosus, innervation of, 52(t) 
Semitendinosus, innervation of, 52(t) 


Sensation(s), deep, 114 
exteroceptive, 114 
mechanoreceptive, 114 
modality of, "labeled line" principle of, 

102- 103 
pain, 114 
position, 114 

proprioceptive, 114, 123, 223 
segmental fields of, 125, 225 
somatic, 114-137 
classification of, 114 
spinal cord transmission of, 34, 35 
tactile. See Tactile sensation(s). 
thermal. See Thermal sensations. 
thermoreceptive, 114 
visceral, 114 

Sense. See also Smell; Taste. 

chemical, 188-194 
Sensory area, 332, 332 
Sensory information, processing of, 86-87 
spatiotemporal relationships in, cerebellar 
function in, 232 
storage of, 87 

Sensory judgment, loss of, somatic sensory 
area I damage and, 120 
Sensory nuclei, of brain stem, 39, 42, 42 
Sensory reception, intensity range of, 
importance of, 122 
Sensory receptor(s), 85-86, 86 
adaptation of, 205, 105-106 
classification of, 102, 103(t) 
cold, 136 

differential sensitivity of, 102-103 
membrane potential of. See Receptor 
potential(s). 

"movement," 106 

muscle. See Golgi tendon organ; Muscle 
spindle(s). 
pain, 136 
"phasic," 106 
position, 123 

rapidly adapting, detection of change in 
stimulus strength by, 106 
"rate," predictive function of, 106 
slowly adapting, detection of continuous 
stimulus strength by, 105-106 
"tonic," 106 
warmth, 136 

Sensory root, anatomy of, 32, 33, 34 
Sensory stimuli, intensity of, judgment of, 
formulas for, 122-123, 223 
psychic interpretation of, 122 
transduction of, into nerve impulses, 

103- 107 

Sensory system, sensitivity of, corticofugal 
sensory control in, 125 
transmission of sensory experiences by, 
intensity of, 122 

Septal nuclei, of medial olfactory area, 193 
Septum pellucidum, location and function 
of, 20(t), 24 

relationship to hypothalamus of, 257, 258 
Serotonin, as neurotransmitter, 91(t), 92 
in basal ganglia, 237, 237 
effect on smooth muscle contraction of, 
317 

in analgesia system, 131, 232 
secretion of, by raphe nuclei, 256,256-257 
reduction in, depression from, 271 
sleep production from, 266 
Serotonin receptors, in memory, 250, 250 
Serratus anterior, innervation of, 48(t) 

Sertoli cells, inhibin in, 371 
Sexual act, female, erection and lubrication 
in, 375 
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Sexual act (Continued) 
orgasm in, 375 
stimulation of, 375 
male, erection in, 374, 374 
integration in spinal cord of, 374 
lubrication in, 374 
neuronal stimulus for, 373-374 
stages of, 374, 374 

Sexual cycle, female, feedback oscillation 
of, 372, 372-373 

follicular growth phase of, 372-373 
gonadotropin concentrations during, 
372, 372 

hormonal regulation of, 371-373, 
372-373 

ovarian hormone concentrations 
during, 372, 372 
ovulation in, 373 
postovulatory ovarian hormone 
secretion in, 372, 372 
preovulatory LH and FSH surge in, 373 
Sexual drive, hypothalamic control of, 260 
Sexual functions, male, gonadotropic 
hormonal control of, 370-371 
Sexual reflexes, autonomic control of, 281 
Sexual stimulation, male, neuronal stimulus 
in, 373-374 

psychic element of, 373-374 
Shingles, pain in, 134 
Shivering, hypothalamic stimulation of, 

361, 362 

"Shock" therapy, 271 
Simple spikes, 228 
Sinoatrial node. See Sinus node. 

Sinus, nasal, irritation of, headache from, 136 
Sinus node, 323, 323 

action potential of, ventricular muscle 
fiber action potential vs., 324, 324 
as cardiac pacemaker, 327 
automatic rhythmicity of, 323 
mechanism of, 323-324, 324 
discharge of, rate of, sympathetic 
stimulation and, 328 
hyperpolarization in, effects of, 328 
rhythmic discharge of, 324, 324 
self-excitation of, 324, 324 
Size principle, 306 

Skeletal muscle, contraction of, 295-307. 
See also Muscle contraction. 
cessation of, myosin phosphatase in, 314 
energy required for, 313-314 
force of, 314 

mechanics of, 306, 306-307 
neural and hormonal control of, 
314-318, 315-316, 318 
percentage of shortening during, 314 
regulation by calcium ions of, 314 
slow onset of, 314 

smooth muscle contraction vs., 313-314 
effects of autonomic stimulation on, 278(t) 
physiologic anatomy of, 295-296, 296 
structure of, 6 

Skeletal muscle fiber, actin filaments of, 

295, 296-297 

excitation of, 310, 310-311 
myofibrils of, 295, 296 
myosin filaments of, 295, 296-297 
nerve impulse transmission to, 308-312, 
309-310 

physiologic anatomy of, 295-296, 

' 296-297 
sarcolemma of, 295 
sarcoplasm of, 296 
sarcoplasmic reticulum of, 296, 297 
Skeletal nerves, sympathetic nerve fibers in, 
274, 274 


Skin receptors, in body temperature 
regulation, 361 

Skull, in sound transmission, 178 
Sleep, 265-267 
active theory of, 266 
cycles of, wakefulness and, 267 
desynchronized, 265-266, 269 
effect of hypothalamic lesions on, 266 
neurohumoral substances in, 266 
neuronal centers in, 266 
paradoxical, 265-266 
physiological effects of, 267 
REM, 265-266 
EEG during, 269, 269 
possible causes of, 267 
serotonin in, 266 
slow wave, 265 

stages of, EEG changes in, 269, 269 
transmitter substances in, 266 
"Sleep spindles," 269, 269 
Small intestine, food movement through, 
nervous control of, 352 
secretion in, nervous control of, 355 
Smell, 191, 191-194 
affective nature of, 192-193 
intensity of, gradations of, 193 
primary sensations of, classification of, 

192- 193 

threshold for, 193 
measurement of, 193 
transmission of signals of, into CNS, 

193- 194 

Smooth muscle, action potentials in, 315 
contraction of, 322-313, 312-314 
calcium pump in, 318 
chemical basis for, 312 
effect of extracellular calcium ion 
concentration on, 318 
energy required for, 314 
force of, 314 
hormonal factors in, 317 
latent period of, 317 
local tissue factors in, 317 
percentage of shortening during, 314 
physical basis for, 313, 313 
role of sarcoplasmic reticulum in, 
317-318, 318 

skeletal muscle contraction vs., 313-314 
slowness of, 314 
without action potentials, 317 
innervation of, 315, 315 
membrane potentials in, 315 
multiunit, 312, 312 
depolarization of, without action 
potentials, 317 

neuromuscular junctions of, excitatory 
and inhibitory transmitter substances 
at, 315 

physiologic anatomy of, 315, 315 
physical structure of, 313, 313 
relaxation of, slowness of, 314 
single-unit, 312, 312 
action potentials in, 315-316, 316 
generation of, 316, 316 
excitation of, by stretch, 316-317 
slow wave potentials in, 316, 316 
spike potentials in, 316, 316 
syncytical, 312, 312 
types of, 312, 312 
visceral, 312, 312 

Sodium channels, fast, in cardiac action 
potential, 322, 324 
gating of, 61, 61 

increased permeability of, calcium ion 
deficit and, 73-74 
voltage-gated, 70 


Sodium channels (Continued) 
achvation of, 71, 71 
positive feedback in, 74 
changes in conductance of, 72-73, 
72-73 

inactivation of, 71, 71 

Sodium concentration, antidiuretic hormone 
control of, 337-339, 338 
thirst mechanism and, 340, 340-341 
control by thirst of, 339-340 
Sodium ions, active transport of, 68-69 
diameter of, lipid bilaver permeability 
and, 59(t) 

diffusion of, in resting membrane 
potential, 69, 69-70 
distribution across neuronal somal 
membrane of, 93, 93 
Nemst potential of, 69, 69 
transport of, 63, 63-64 
in rods, 156-157, 157 
chemical cascade in, 157 
through acetylcholine-gated channels, 
309-310,310 

through choroid plexus, in CSF 
formation, 288 

through protein channels, 60, 60 
Sodium-potassium pump, 68-69 
electrogenic nature of, 63-64 
functional characteristics of, 69 
in neuronal soma resting membrane 
potential, 94 

in re-establishing sodium-potassium ionic 
gradients after action potentials, 75, 75 
in resting membrane potential, 69, 70 
mechanisms of, 63, 63-64 
Soleus, innervation of, 52(t) 

Somatic association areas, anatomy of, 120 
effect of removal of, 120 
functions of, 120 
Somatic sensations, 114-137 
clinical abnormalities of pain and, 
134-135, 135 
thalamus in, 124 

Somatic senses, classification of, 114 
definition of, 114 
Somatic sensory area I, 118, 118 
functions of, 120 

projection of body in, 118-119, 129 
Somatic sensory area II, 118, 118 
function of, 119 

Somatic sensory cortex, 118-119, 118-120 
contrast of sensory pattern in, lateral 
inhibition and, 121, 121-122 
destruction of, effects of, 124 
dominance of, 245 
function of, in articulation, 248 
layers of, functions of, 119, 119 
sensory modalities of, 119-120 
stimuli transmission to, pinpoint, 
120-121, 121 
two-point, 121, 121 

vertical columns of neurons in, 119-120 
Somatic signals, transmission into CNS of, 
anterolateral system for, 116. See 
also Anterolateral system. 
dorsal column-lemniscal system for, 
116. See also Dorsal column- 
lemniscal system. 

Somatostatin, deficiency of, in Alzheimer's 
disease, 272 

Sound, attenuation of, by contraction of 
stapedius and tensor tympani muscles, 
177-178 

conduction of, from tympanic membrane 
to cochlea, 177 
in cochlea, 178, 179 
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Sound (Continued) 

detection of, transduction mechanism for, 
122 

direction of, discrimination of, 185 
neural mechanisms for detecting, 185 
frequency of, determination of, 180, 182 
nerve fiber firing synchronization with, 
183-184 

perception in primary auditory cortex 
of, 184, 184 

intensity of, expression of, decibel system 
for, 182 

"patterns" of, discrimination by auditory 
cortex of, 184-185 
threshold for hearing of, at different 
frequencies, 182, 183 
transmission of, intensity of, attenuation 
reflex and, 178 
through bone, 178 
"traveling wave" of, in cochlea, 

179-180, 180 

Sound waves, frequencies of, vibration 
patterns in basilar membrane for, 180, 
180 

transmission of, in cochlea, 179-180, 180 
Spasm, muscle. See Muscle spasm. 

of hollow viscus, visceral pain from, 133 
Spasticity, in decerebrate rigidity, 217 
Speech, Broca's area damage and, 211, 211 
cerebral pathways for, 247, 248 
process of, 246-248 

Spermatogenesis, feedback control of, 371 
FSH secretion in, 371 
inhibin in, 371 

Sphincter, anal, in control of defecation, 352 
innerv'ation of, 52(t) 
bladder, 358, 358-359 
pharyngoesophageal, in swallowing, 351 
Spinal arachnoid, 33 
Spinal cord, anatomy of, 3, 4, 12-13 
anterior motor neurons of, 31, 33 
anterior root of, 273, 274 
ascending sensory tracts of, 117 ,117 
autonomic reflexes in, 207-208 
cervical enlargement of, 31, 32 
connections with spinal nerves of, 

31-32, 33, 34 

dual processing of pain signals in, 
128-131, 129 

equilibrium control by, 230 
excitation of, by primary motor cortex, 
214,214-215 

by red nucleus, 224, 214-215 
fiber tracts of, 31, 33 
fluid space surrounding, 35-38, 37 
functions of, 3, 87-88 
gastrointestinal reflexes and, 349 
glia of, 31, 33 
gray commissure of, 31, 33 
gray horns of, 31, 33 
function of, 33(t) 
gray matter of, 31, 33 
function of, 33(t), 34 
organization of, 197-198, 198 
gross anatomy of, 31-32, 32-34, 33(t), 
34-35 

injury to, micturition reflex impairment 
from, 360 

integration of male sexual act in, 374 
intermediolateral horn of, 273, 274 
internal structure of, 31, 33 
laminae of, 117, 117 
long fiber pathways of, anatomy of, 
33-34, 34-35 

motor, anatomy of, 34, 34-35 
function of, 33(t) 


Spinal cord (Continued) 

sensory, anatomy of, 34, 35 
function of, 33(t) 

lumbosacral enlargement of, 31, 32 
meningeal coverings of, 35-38, 37 
motor control function of, programmed 
patterns in, 238 
motor system of, 213 
multisegmental connections in, 198 
muscle control function of, 197 
nerv’e cell bodies of, 31, 33 
organization of, for motor functions, 
197-198, 198 

pain control system in, 131, 131-132 
postural control by, 230 
propriospinal tracts of, function of, 33(t) 
reflexes of, animal studies of, 197 
muscle spasm from, 207 
patterns of, 215 

postural and locomotive, 206-207, 207 
relationship to peripheral nerv^es of, 32 
relationship to spinal nerv'e plexuses of, 
32 

"righting" reflexes of, 206 
structure of, 6 
transection of, 208 

transmission of pain signals through, 
dual pathways for, 129, 129 
ventral horns of, Renshaw cells in, 198 
w'hite columns of, 33-34, 34 
white commissure of, 31, 33 
white matter of, 31, 33 
function of, 33(t) 

Spinal cord centers, facilitation of, 
assessment of, 203 
movement patterns elicited by, 215 
Spinal dura mater, 33 
Spinal nerve(s), anatomy of, 31, 32 
cervical, 46 

connections with spinal cord of, 31-32, 
33, 34 

dermatomes of, 54, 54 
gross anatomy of, 46, 47, 48, 48(t), 
49-52,50,52-54, 53-54 
in circulation control, 330, 332 
lumbar, 46, 50-52, 52 
major, 3, 4 
sacral, 46 
thoracic, 46 

Spinal nerve plexuses, relationship to spinal 
cord of, 32 

Spinal nerve roots, dorsal, 32, 33, 34 
function of, 33(t) 
ventral, 32, 33, 34 
function of, 33(t) 

Spinal shock, 208 
Spinocerebellar tracts, 34, 35 
dorsal, 226, 226 
ventral, 226, 226 
Spinocervical pathway, 117, 2 2 7 
Spino-olivary tract, 34, 35 
Spinoreticular pathw'ay, 124 
Spinotectal tract, 124 
Spinothalamic tract, 34, 35, 124, 224 
Spiral ganglion of Corti, 181, 181 
nerv’e fibers of, 183, 2 83 
relationship to organ of Corti and 
cochlear nerv^e of, 181, 181 
Stapedius muscle, contraction of, attenua¬ 
tion of sound by, 177-178 
Stapes, anatomy of, 177, 2 78 
forward thrust of, in movement of 
cochlear fluid, 178, 179 
Statoconia, 218, 228 
Stellate cells, 228, 240, 242 
Stepping movements, 206-207, 207 


Stepping movements (Continued) 

(iagonal, of four limbs, 206, 207 
reciprocal, of opposite limbs, 206 
rhythmic, of single limb, 206 
Stereodlia, 181, 282 

Stereopsis, in judging depth perception, 

149, 249 

neural mechanism of, 174 
Sterocilia, 218, 228 
Stimulus, excitatory, 108, 208 
pinpoint, transmission to cortex of, 
120-121, 222 
subthreshold, 108, 208 
supra threshold, 108, 208 
two-point, transmission to cortex of, 
120-121, 222 

Stokes-Adams syndrome, 327 
Stomach. See also Gastric secretion. 
food movement through, nerv'ous control 
of, 352 

Strabismus, causes of, 174-175 
suppression of visual image in, 175 
types of, 174, 2 74 

Stress response, arterial pressure increases 
in, 334 

of sympathetic nerv'ous system, 281 
Stretch receptors, respiratoiy control by, 342 
Stretch reflex, clinical applications of, 202, 
202-203 

of muscle spindles, 200-201, 202. See 
also Muscle stretch reflex. 

Strychnine, effect on synaptic transmission 
of, 100 

Subarachnoid space, 33 
anatomy of, 35-38, 37 
drainage of perivascular spaces into, 289, 
289 

Subcallosal g>TUS, 257, 258 
ablation of, effects of, 263 
Submandibular ganglion, 43 
Subneural clefts, 308, 309 
Subscapular nerv'e, muscle innervated bv, 
48(t) 

Subscapularis, innerv'ation of, 48(t) 
Substance P, as neurotransmitter, 130 
deficiency of, in Alzheimer's disease, 272 
Substantia gelatinosa, in transmission of 
slow-chronic pain, 2 29, 130 
Substantia nigra, 27, 233 
anatomy of, 20 

basal ganglia function with, 18 
dopanune seaetion by, 256, 256 
function of, 25, 27(t) 
lesions in, Parkinson's disease from, 235 
Subthalamic nucleus, anatomy of, 20 
Subthalamus, 233 
anatomy of, 19, 20(t) 
basal ganglia function with, 18 
function of, 20(t) 

lesions in, flailing movements from, 235 
Summation, 95 
frequency, 306, 306 
multiple fiber, 306 
of motor units, 306 
of muscle contraction, 306, 306 
of postsynaptic potentials, 96-97, 97 
simultaneous, of inhibitory and excitatory 
postsynaptic potentials, 97 
spatial, 107, 207 
of thermal sensations, 137 
temporal, 107, 207 
Supinator, innerv'ation of, 48(t) 
Supraclavicular nerves, anatomy of, 47, 48 
Suprascapular nerv^e, muscle innervated by, 
48(t) 

Supraspinatus, innervation of, 48(t) 
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Sustentacular cells, 191, 191 
of taste bud, 189, 189 
Swallowing (deglutition), 350-352, 351 
esophageal stage of, 352 
mechanism of, 351, 351 
pharyngeal stage of, 351 
nervous control of, 351-352 
pharyngoesophageal sphincter in, 351 
receptor areas for, 351, 352 
voluntary stage of, 351, 352 
Swallowing center, 351 
Sweat glands, autonomic stimulation of, 
278(t), 279 

Sweating, heat loss from, 361, 362 
Sylvian fissure, anatomy of, 12, 22-23 
Sympathectomy, denervation supersensitiv¬ 
ity from, 281, 281 

Sympathetic nerve(s), adrenal medullary 
endings of, 274 
course of, 273-274, 274 
in circulation control, 330, 332 
segmental distribution of, 274 
Sympathetic nerve endings, norepinephrine 
secretion by, 275 
drugs causing, 283 

Sympathetic nerve fibers, in skeletal nerves, 
274, 274 
to heart, 330 

S>Tnpathetic nervous system, alarm 
response of, 282 
bladder innervation by, 359 
blocking of, drugs in, 283-284 
blood vessel innervation by, 330, 332 
cerebral blood flow regulation by, 
286-287 

circulation control by, anatomy of, 330,332 
denervation of, super sensitivity from, 

281, 281 

emission and ejaculation control by, 374 
functions of, 275-281 
adrenal medullae in, 280 
gastrointestinal innervation by, 349 
heat production stimulation by, 362 
mass discharge of, 281 
physiologic anatomy of, 273-274, 274 
postganglionic neurons of, 273-274, 274 
adrenergic, 275 

stimulation of, acetylcholine in, 284 
nictotine in, 284 

preganglionic neurons of, 273, 274 
cholinergic, 275 

stimulation of, cardiac effects of, 328 
excitatory and inhibitory actions of, 
277-279, 278(t) 
frequency required for, 280 
isolated, 282 
mass, 281 

wakefulness and, 267 
stress response of, 282 
"tone" of, 280-281 
epinephrine and norepinephrine 
secretion and, 280 
loss of, after denervation, 280-281 
Sympathetic vasoconstrictor system, 

activation of, CNS ischemic response 
in, 337 

CNS control of, 331 -333, 332 
relationship to adrenal medullae of, 333 
Sympathetic vasoconstrictor tone, constric¬ 
tion of blood vessels by, 332, 332-333 
Sympathomimetics, 283 
Synapse(s), central nervous system, 88-99 
chemical, 89 

one-way conduction through, 89 
electrical, 89 
facilitation of, 87 


Synapse(s) (Continued) 
inhibitory, effect on postsynaptic 
membrane of, 95, 95 
physiologic anatomy of, 89-91, 90 
removal of transmitter substance from, 93 
role in processing information of, 87 
structural changes at, in long-term 
memory development, 251 
structure and function of, 4-5, 5 
types of, 89 

Synaptic afterdischarge, 110 
Synaptic cleft, 308, 309 
Synaptic delay, 100 
Synaptic fatigue, 99-100 
grand mal epilepsy and, 270 
nervous system stabilization by, 112, 112 
Synaptic knob. See Presynaptic terminal(s). 
Synaptic receptors, automatic down- or 
upgrading of, long-term changes in 
synaptic sensitivity from, 112 
Synaptic transmission, delay of, 100 
effect of acidosis on, 100 
effect of alkalosis on, 100 
effect of drugs on, 100 
effect of hypoxia on, 100 
facilitation of, in memory, 249 
fatigue of, 99-100 

nervous sytem stabilization by, 112 ,112 
inhibition of, in memory, 249 
post-tetanic facilitation in, 100 
special characteristics of, 99-100 
Synaptic transmitter(s). See Neurotransmit- 
ter(s). 

Synaptic trough (gutter), 308, 309 
Synaptic vesicles, acetylcholine release 
from, 308-309, 309 
small-molecule type, recycling of, 92 
Syncytium, cardiac, 320-321 
Syphilis, atonic bladder in, 360 
CNS, pupillary reflexes in, 176 


Tabes dorsalis, atonic bladder in, 360 
Tactile receptor(s), characteristics of, 114- 
115, 115 

expanded tip, 115, 115 
peripheral, stimulation of, inhibition of 
pain transmission by, 132 
Tactile sensation(s), 114 

capability for, "two-point discriminatory 
ability" and, 121, 121 
detection of, 114-116,115 
interrelationship between, 114 
transmission of, 114-116, 115 
in anterolateral pathway, 124, 124 
in dorsal column and spinocervical 
pathways, 117 

in peripheral nerve fibers, 115-116 
Tameness, reward center stimulation and, 
262 

Taste, 188-191, 189(t), 189-190 
adaptation of, 190 
bitter, 188-189, 189(t) 
anatomy of, 190 
preception of, smell in, 188 
preferences for, diet control by, 190-191 
primary sensations of, 188-189, 189(t) 
receptor potential for, 190 
relative indices of, for different sub¬ 
stances, 189(t) 
salty, 188, 189(t) 
anatomy of, 189 


Taste (Continued) 
sour, 188, 189(t) 
anatomy of, 189-190 
sweet, 188, 189(t) 
anatomy of, 189 
threshold for, 189 

transmission of signals of, into CNS, 190, 
190 

Taste aversion, 191 
Taste blindness, 189 
Taste bud(s), anatomy of, 189-190 
function of, 189, 189-190 
generation of nerve impulses by, 190 
specificity for primary taste stimuli of, 190 
stimulation of, mechanism for, 190 
Taste cells, 189, 189 
Taste hairs, 189, 189 
Taste nerve fibers, 189, 189 
Taste pores, 189, 189 
Taste reflexes, brain stem integration of, 

190 

Tectorial membrane, 181, 181 
Tectospinal tract, 34, 35 
Tectum, anatomy of, 26, 26-27 
function of, 27(t) 

Tegmentum, of cerebral peduncles, 25-26, 
27 

function of, 27(t) 
of pons, 28, 28 
function of, 27(t) 

Telencephalon. See Cerebrum. 

Temperature, body. See Body temperature. 

changes in, response to, 137 
Temporal lobe, anatomy of, 12, 12-13, 15(t) 
anterior, vasomotor center control by, 333 
left, dominance of, 245 
lesions of, effect on memory of, 252 
paleocortex of, 193-194 
posterior superior, interpretative function 
of, 244, 244-245 

short-term memory area of, location and 
function of, 16, 17 
Temporalis muscle, 42, 43 
Tensor fasciae latae, innervation of, 52(t) 
Tensor tympani muscle, contraction of, 
attenuation of sound by, 177-178 
Teres major, innervation of, 48(t) 

Terminal cistemae, 302, 303 
Terminal knobs. See Presynaptic terminaKs). 
Testosterone, regulation of, by luteinizing 
hormone, 370 

secretion of, feedback control of, 370-371 
Tetanization, 306, 306 
Tetraethyl ammonium ion, ganglionic 
blocking action of, 284 
Thalamic syndrome, 134 
Thalamocortical system, 241 
Thalamus, anatomic relationships of, to 
basal ganglia, 18, 18, 233, 234 
to cerebral cortex, 21, 22, 233, 234, 
240-241, 241 
to ventricles, 20, 21 
anatomy of, 13, 17, 20, 20, 20(t) 
anterior nucleus of, relationship to 
hypothalamus of, 257, 258 
composition of, 19 
cortical activity control by, 255 
excitatory signals in, 254 
features of, 20-21 
functions of, 20(t), 21 
in somatic sensation, 124 
lateral geniculate bodies of, 42 
neospinothalamic tract termination in, 
129-130 

neuronal processing of joint rotation by, 
123, 123 
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Thalamus (Continued) 

nuclei of, coagulation of, in Parkinson's 
disease, 237-238 
olfactory pathways of, 194 
pain perception by, 130 
sensory interpretive function of, 21 
termination of pain signals in, 129, 130 
transmission of pain signals through, 
dual pathways for, 129, 129 
transmission of taste signals through, 

190, 190 

Theobromine, effect on synaptic transmis¬ 
sion of, 100 

Theophylline, effect on synaptic transmis¬ 
sion of, 100 

Thermal receptors, adaption of, 137 
classification of, 102, 103(t) 
stimulation of, 136-137, 137 
mechanism of, 137 
Thermal sensations, 136-137, 137 
gradations of, determination of, 137, 137 
spatial summation of, 137 
Thermal signals, transmission of, in nervous 
system, 137 

Thermode, in body temperature studies, 360 
Thermogenesis, chemical, 362 
Theta waves, 268, 268 
Thigh muscles, innervation of, 51, 52, 52(t) 
Thirst, hypothalamic regulation of, 259 
in controlling extracellular fluid osmolal¬ 
ity, 339-340 

antidiuretic hormone and, 340,340-341 
in controlling sodium concentration, 
339-340 

antidiuretic hormone and, 340,340 - 341 
neural integration of, 339 
stimulation of, intracellular dehydration 
in, 339 

temporary relief of, by drinking, 339 
Thirst center, in hypothalamus, 259, 259 
relationship to supraopticopituitary an¬ 
tidiuretic system of, 338, 338 
stimulus for exciting, 337 
Thoracic nerve, muscles innervated by, 48(t) 
Thorax, pain transmission from, visceral 
and parietal pathways of, 134, 134 
Thought(s), elaboration of, prefrontal 
cortical area in, 246 
prefrontal cortical association area for, 
243 

formation of, Wernicke's area in, 247-248 
holistic theory of, 249 
neural activity in, 249 
sequential, effect of prefrontal lobotomy 
on, 246 

Thyroid hormones, control by thyroid-stim¬ 
ulating hormone of, 368 
Thyroid-stimulating hormone, in heat 
production, 362 

secretion of, by anterior pituitary, 366 
thryoid gland secretion control by, 368 
Thyroid-stimulating hormone - releasing 
hormone, function of, 367-368 
in heat production, 362 
Thyrotropin. See Thyroid-stimulating 
hormone. 

Thyroxine, function of, 368 

in increased heat production, 362 
Tibial nerve, anatomy of, 53, 53 
Tibialis muscles, innervation of, 52(t) 

Tic douloureux, 134-135 
Tickle sensation, characteristics of, 116 
scratch reflex from, 207 
Tight junctions, of endothelial cells, 290 
Tissue, damage to, as cause of pain, 128 ,128 
ischemia of, pain from, 128 


Tissue (Continued) 
rhythmicity of, 76, 76-77 
Tongue, location of taste buds on, 189-190 
Tongue muscles, innervation of, 46, 46 
Tonometry, 151, 151 

Tonotopic maps, in primary auditory cortex, 
184 

Touch. See Tactile sensation(s). 

Trabecular spaces, cleansing of, 151 
Tractus solitarius, nucleus of, 41, 41 
stimulation of, sleep from, 266 
sensory area of, 332, 332 
signal transmission to, 334 
transmission of taste signals through, 

190, 190 

Tranquilizers, effect on reward and 
punishment centers of, 261 
Transducin, in rod receptor potential, 157 
Transitional fibers, of A-V nodal region, 

325, 325 

of A-V node, 325, 325 
Transmitter substance. See Neurotransmit- 
ter($). 

Transport. See also Active transport; Diffusion. 
of lipid-insoluble molecules, 59 
of water, 59 
Transverse fibers, 28 

Transverse tubules (T tubules), in cardiac 
muscle contraction, 322-323 
muscle action potential transmission by, 
302 

Transverse tubule-sarcoplasmic reticulum 
system, 302-303, 303 
Trapezoid body, in auditory pathway, 183 
Tremor, action, 231 
intention, 233 

involuntary, in Parkinson's disease, 237 
intention vs., 237 

Triceps brachii, innervation of, 48(t) 
Tricyclic antidepressants, neurotransmitter 
activity of, 271 

Trigeminal ganglion, divisions of, 42, 43 
Trigeminal motor nucleus, 39, 41, 41 
Trigeminal nerve, anatomy of, 40, 42, 43 
connection with brain of, 40(t) 
function of, 28, 40(t) 
lingual portion of, 46 
main sensory nucleus of, 117, 118 
transmission of taste signals through, 

190, 190 

Trigeminal neuralgia (tic douloureux), 
134-135 

Trochlear nerve, anatomy of, 19, 40, 42, 42 
connection with brain of, 40(t) 
function of, 40(t) 
nuclei of, 26, 26, 39, 41 
Tropomyosin, molecule of, 299, 299 
Troponin, in muscle contraction, 299, 299 
Troponin-tropomyosin complex, actin 
filament inhibition by, 299-300 
Trunk, movements of, superior colliculi in 
control of, 26 
Tufted cells, 193 

Tumors, brain, CSF pressure in, 289 
fever from, 363 

Tympanic membrane, conduction of sound 
to cochlea by, 177 
ossicular system and, 177-178, 178 
Tyramine, norepinephrine release by, 283 


Ulnar nerve, muscles innervated by, 48(t) 
upper extremity course of, 49, 50 
Uncus, 257, 258 


Urea molecule, diameter of, lipid bilayer 
permeability and, 59(t) 

Urethra, posterior, 358, 358 
Urine, loss of sodium and osmolar 
substances in, 338 

Urogenital triangle, muscles of, innervation 
of, 52(t) 

Uterus, contractility of, hypothalamic 
regulation of, 259-260 
contraction of, oxytocin in, 370 
Utricle, in determining head orientation, 
218, 218 

in maintenance of equilibrium, 219 


Vagal nerve fibers, in swallowing, 352 
Vagus nerve, anatomy of, 40, 43-44, 45 
connection with brain of, 40(t) 
dorsal motor nucleus of, 29, 29, 39, 41 
in control of heart activity, 333 
function of, 40(t) 

in gastric secretion stimulation, 354 
parasympathetic transmission by, 

274 - 275, 275, 348 
stimulation of, cardiac effects of, 328 
transmission of taste signals through, 190, 
190 

Vasoconstriction, skin, in temperature 
regulation, 362 

Vasoconstrictor area, 332, 332 
Vasoconstrictor fibers, distribution of, 331 
Vasoconstrictor system, sympathetic, CNS 
control of, 331 -333, 332 
CNS ischemic response in, 337 
relationship to adrenal medullae of, 333 
vasomotor center control of, 331-332, 
332 

Vasoconstrictor tone, sympathetic, 

constriction of blood vessels by, 332, 
332-333 

Vasodilatation, heat transfer through, 361 
sympathetic denervation and, 280 
Vasodilator area, 332, 332 
Vasomotor center, circulatory system 
control by, 332 

control of heart activity by, 333 
function of, 29 

higher nervous center control of, 332, 333 
response to cerebral ischemia by, in 
arterial pressure regulation, 337 
vasoconstrictor control by, 331-332, 332 
Vasomotor tone, 332, 332 
Vasopressin. See Antidiuretic hormone (ADH). 
Vein(s), constriction of, in arterial pressure 
control, 333 

Venous sinus, anatomy of, 36-37, 36-37 
Ventilation, alveolar, effect of carbon 

dioxide and hydrogen ion concentra¬ 
tion on, 344, 344 

Ventilation rate, effect of exercise on, 345, 
345-346 

neurogenic factors in, 346-347 
Ventral horn, of spinal cord, 198 
Ventral respiratory group of neurons, 

inspiratory and expiratory functions of, 
342 

Ventral root(s), anatomy of, 32, 33, 34 
Ventricle(s), anatomic relationship to thala¬ 
mus of, 20, 21 
cardiac, 322 

fourth, of brain, 13, 28, 35, 36-37 
lateral, of brain, 14, 20, 35, 36-37 

relationship of basal ganglia to, 18 
third, of brain, 13-14, 20, 35, 36-37 
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\’entricular bundle branches, 323, 323 
V'^entricular escape, 328 
V^entricular muscle, cardiac impulse 
transmission in, 326 

contraction of, role of Purkinje fibers in, 
327 

Purkinje fiber distribution in, 326 
Ventricular muscle fiber, action potential of, 
sinus node action potential vs., 324, 324 
Ventricular syncytium, 321 
Ventrobasal complex, neospinothalamic 
tract termination in, 129-130 
Vermis, cerebellar, 29, 29 
function of, 27(t) 

Vertebra(e), cervical, fractures of, 48 
Vertical fibers, of cerebral cortex, 240, 241 
\'’estibular apparatus, 217-219, 217-219 
innervation of, 43 

neuronal connections of, with CNS, 221, 
221-222 

Vestibular mechanism, for stabilizing eves, 
221 

Vestibular membrane (Reissner's mem¬ 
brane), 178, 179 

Vestibular nerv’e, CNS connections of, 221, 
221-222 

Vestibular nucleus, 41, 41 
anatomy of, 216, 216 
antigravity muscle excitation by, 216, 217 
in stabilization of eyes, 221 
subdivisions of, in equilibrium control, 222 
V^estibular sensations, equilibrium mainte¬ 
nance and, 217-221, 217-222 
V^estibulocerebellar fibers, 226, 226 
V^estibulocerebellar tract, motor cortex fiber 
passage through, 212 

Vestibulocochlear nerv’e, anatomy of, 40, 43 
connection with brain of, 40(t) 
function of, 28, 40(t) 

V'^estibulospinal tract, 34, 35 
exdtatorv signal transmission through, 
216,'217 

motor cortex fiber passage through, 212 
Vibration, detection of, 116 
interrelationship with touch and pressure 
of, 114 

transmission in dorsal column pathway 
of, 122 

Visceral reflexes, of autonomic nervous 
system, 273 

Viscus, hollow, overdistention of, pain 
from, 133 

spasm of, pain from, 133 
insensitive, 133 

Vision, acute, importance of foveal region 
of retina in, 153, 154 
binocular, determination of distance by, 
149, 149 

central neurophysiology of, 167-176 
color, 159-160, 159-161 
photochemistrv' of, 157-158, 158 
tricolor mecharusm of, 159-160, 159- 
161 

fields of, 171, 171-172 


Vision (Continued) 

abnormalities in, 172 
effect of optic pathway lesions on, 1 68, 
172 

nasal, 171 
temporal, 171 

fusion of, dorsal lateral geniculate 
nucleus in, 167 
visual cortex in, 174 
lateral inhibition in, 162, 162, 164-165, 
165 

optics of, 141-151 

photochemistr)'of, 155-159, 156-158 
Visual acuity, 148, 148 
maximum, for tw’o point sources of light, 
148, 148 

stating of, clinical method for, 148 
Visual cortex, analysis of visual imaging by, 
serial vs. parallel processing in, 171 
"color blobs" of, 169 
color contrast analysis by, 171 
color deciphering in, 169 
destruction of, effect of, 172 
organization and function of, 168-169, 
168-170 

primarv^ analysis of contrasts by, 170, 

170 

complex cells of, 171 
detection of line and border orientation 
by, 170 

detection of line length, angle, shape 
by, 171 

detection of line orientation by, 171 
effect of removal of, 171 
hypercomplex cells of, 171 
interaction of signals from tw^o eyes in, 
169-170 

layered structure of, 169, 169-170 
simple cells of, 170 
structure of, 168, 168-169 
role in visual image fusion of, 174 
secondary visual areas of, structure of, 

166,'l 69 

signal transmission in, dorsal lateral 
geniculate nucleus in, 167-168 
from primary to secondarv' visual areas, 
168 

vertical neuronal columns of, 169 
Visual images, analysis of, by serial and 
parallel pathw'ays, 171 
fusion of, from two eyes, 174 
Visual information, analysis of, detail and 
color pathway for, 168, 170 
position-form-motion pathway for, 

168, 170 

in equilibrium maintenance, 221 
transmission of, geniculocalcarine tract in, 
167 

Visual pathways, from retina to visual 
cortex, 167-168, 168 
Vitamin A, deficiencv' of, night blindness 
from, 156 

in rhodopsin formation, 156, 156 
retinal sources of, 155 


V^oltage, effect on sodium and potassium 
channels of, 71-72, 72 
V^oltage clamp method, for measuring 
effects of voltage on potassium and 
sodium channels, 71-72, 72 
Voltage-gated potassium channels, in action 
potentials, 71-72, 71-72 
V^oltage-gated sodium channels, in action 
potentials, 70-71, 71-72 
Voltage gating, of protein channels, 60 
Voluntary fixation mechanism, 172, 173 


VV cells, transmission of rod vision by, 
163-164 

Wakefulness, brain activation and, 265-266 
brain wave changes during, 269, 269 
cv'cles of, sleep and, 267 
reticular activating system in, 266 
stages of, EEG changes in, 269, 269 
Walking movements, 206-207, 207 
Warmth receptors, 136 

response to temperature change of, 137 
Water, body. See Body water. 

regulation of intake of, thirst in, 339 
Water molecule, diameter of, lipid bilayer 
permeability and, 59(t) 

Weber-Fechner principle, in dection of 
stimulus strength, 122 
Wernicke's aphasia, 246 
Wernicke's area, 242 
in nondominant hemisphere, 245 
interpretative function of, 244, 244-245 
location and function of, 15(t), 16, 17 
role of language in function of, 245 
VVTiite commissure, of spinal cord, 31, 33 
WTrite matter, anatomy of, 14, 15(t) 
composition of, 13-14, 15, 17, 19 
function of, 14, 15(t) 
of spinal cord, 31, 33 
function of, 33(t) 

Withdraw'al reflex, 204. See also Flexor reflex. 

spinal cord control of, 34 
Word blindness, angular gyTus destruction 
and, 244, 246 

Word formation, Broca's area in, 242, 243 
Writhing movements, 235 


X cells, in transmission of visual image and 
color, 164 


Y cells, in transmission of changes in visual 
image, 164 


Zdisc, 295-296, 296 
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